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 As robots play a more pervasive role in our everyday activities more and more 
research emphasis is being placed on having robots interact directly with humans, 
whether in terms of taking care of the elderly, medical interventions or performing 
dangerous or hazardous tasks. Another trend is for robots to use existing human tools 
to perform desired actions since it is also not always possible or cost effective to 
design special tools for every robot. This trend has led to the development of 
anthropomorphic dexterous manipulators that can perform equally or better than the 
human hand. Thus the accelerating trend is not only to design a dexterous manipulator 
but to focus on its ability to grasp and manipulate different and sometimes unknown 
objects. 
 One of the most researched types of grasp is the precision grasp which 
accounts for over 80 % of the grasps performed by humans on a daily basis. Precision 
grasps are grasps involving the fingertips and are generally used for tasks that require 
fine manipulation skills. Fingertip sensors are therefore important for dexterous 
manipulators since humans can identify salient properties of an object and formulate 
effective manipulation strategies solely by grasping the object. This PhD project 
focuses on developing fingertip sensors, specifically force and torque fingertip 
sensors that can be integrated into the fingertip of an existing dexterous manipulator 
and gather contact force and torque information during a grasping event. Another goal 
is to make the sensor magnetic resonant (MR) compatible so that it can be used in 
high magnetic environments, as in the case of medical, magnetic resonance imagining 
applications. 
 To accomplish these goals two sensors were developed based on light 
intensity modulation and novel sensing structures. Optical sensing schemes were 
chosen because they are not susceptible to magnetic interference, the sensor and its 
light source can be separated by long distances without significant signal attenuation 
and the size and weight of the actual sensing element can be reduced since the 
processing electronics can be positioned far from the sensing structure. The first 
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sensor developed, as part of this PhD work, was a 2-DOF sensor which used a 
combination of axially-aligned fibres and linear polarizers to modulate the light to 
measure the applied force and torque respectively. The use of linear polarizers as the 
main sensing technique for force and torque sensing is a new area of research since 
linear polarizers have a defined response curve and can be easily cut into any desired 
shape and size. The experiments conducted with the 2-DOF sensor showed that the 
linear polarizer response was superior to traditional axially-aligned and reflective 
techniques and it was tolerant of small deviations and twists in the sensing structure. 
 The second sensor improved on the first sensor by increasing the number of 
degrees of freedom from two to six by using a parallel-type 3-UPS (Universal 
Prismatic Spherical) sensing structure to allow measuring six degrees of movement. 
All of the joints of the sensing structure were made of nitinol flexures to reduce 
friction and all of the links were made of plastic and bonded together to produce a 
flexible but light and strong structure. Another improvement was that all of the optical 
modulation sensors on the sensing structure were based on linear polarizers thereby 
reducing the possibility of misalignment errors caused by the transmitting and 
receiving fibres moving out of axial alignment. The new sensor therefore satisfies the 
design requirements and the experiments conducted showed that Light Intensity 
Modulation (LIM) using linear polarizers and an appropriate sensing structure can 
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CHAPTER 1 – 





This research focuses on the development of a multi-DOF force and torque sensor that 
can be integrated into the fingertip of a dexterous robot hand to measure the contact 
forces during a grasping event. This contact data is very important because it provides 
information about the object’s surface features such as texture, flexibility and 
malleability that other sensing solutions, such as camera vision, cannot entirely 
provide. Also, camera and radar/lidar systems are ineffective in smoke or fog-filled 
environments whereas tactile and force information can still be used to navigate the 
environment, even in complete darkness. 
In addition to the above benefits information about the grasped object’s surface 
features can greatly enhance the manipulation of the object. For example, grasping a 
donut without adequate contact information can result in the donut breaking apart, 
slipping out of the grasp or leaking filling from the contact points, resulting in a failed 
and messy experiment. This research focuses on the development of a sensor that can 
be integrated into the fingertips of dexterous robotic manipulators to allow the robot 
to enhance its grasping and manipulation capabilities without hindering the normal 
operation of the robot. The remainder of this chapter presents an introduction to 
grasping, the aims and objectives of this research, a list of contributions that this 
research provides to the area of robotic grasping and a short summary of the 
remaining chapters of this thesis. 






 The initial trend in robotics development concentrated on the areas of robot 
kinematics/inverse kinematics and the actuation of the linkages and manipulators. 
Less consideration was placed on sensing the robot’s environment with the few 
sensors present in the system geared toward providing information for the joint or tool 
control e.g. current sensors, joint encoders or simple on/off sensors at the manipulator 
tip to indicate contact/no-contact events. Presently, with the kinematics/inverse 
kinematics of many robots extensively defined and documented and with advances in 
hardware and software technologies, more emphasis is being placed on tactile and 
force/torque sensing so that robots can operate autonomously within their 
environment. 
In 2004, the European Robotics Research Network (EURON) developed a 
roadmap for the further development of robotics that listed eleven key areas in which 
robots would play an ever increasing role in the development of human life and 
economy [1]. The general areas of development highlighted were: automation and 
manufacturing, working and production assistance, service robots, care 
assistant/intelligent homes, medical robotics, intelligent vehicles, logistics, field 
robotics, space robotics, underwater systems and edutainment. Although it is not an 
exhaustive list of research areas it does encompass many of the areas where robots 
now dominate such as automation and manufacturing to nascent areas such as 
edutainment were robots or artificial intelligence devices are becoming more popular. 
 In 2009, the Computing Community Consortium (CCC), comprised of 
universities including Georgia Institute of Technology, John Hopkins University and 
the University of California Berkley, produced a guide detailing the vision of robotics 
for the United States of America for the next fifteen years [2]. The US roadmap for 
robotics encompassed many of the areas of the EURON roadmap but grouped the 
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areas into three main categories: robotics and automation research (for US 
manufacturing), medical and healthcare robotics and service robotics. There is also a 
section on emerging trends in robotic technology highlighting some of the possible 
advances in the next fifteen years. A draft of a document produced by NASA that 
describes the importance of robots and fully autonomous systems in space exploration 
is also available [3]. One common trend in these three documents is the need for 
sensors that can be integrated into dexterous manipulators to monitor grasping forces 
and enhance grasping efficiency. 
 A good example of the envisioned direction of the robotics is given by the 
TWENDY-ONE robot. The TWENDY-ONE robot is a human mimetic robot that was 
developed to investigate the use of anthropomorphic robots that operate in the human 
environment and how they can assist humans with routine activities such as carrying 
objects safely and efficiently, assisting patients with disabilities and functioning as a 
platform to test safety protocols for human-robot interaction [4]-[8]. Figure 1-1 
provides a general description of the major components of the TWENDY-ONE 
system including a vision system, a 7-DOF dexterous arm and an anthropomorphic 
hand. TWENDY-ONE is a good example of a highly dexterous robot where dexterity 
can be defined as the ability to effectively and efficiently position and orient an end-
effector within the workspace of the robot [42]. Dexterous manipulators are gaining in 
popularity because they have high degrees of freedom which are useful for in-hand 
manipulation or very fine motor control, they are dynamically reconfigurable so the 
end-effector does not have to be changed for every object and they are multifunctional 
devices. 
One of the more important areas of study for the TWENDY-ONE system is 
that of grasping and object manipulation. The importance of grasping is emphasized 
by using a 13-DOF human mimetic hand that has both a 6-DOF force/torque sensor 
and a tactile sensor in each fingertip. The 6-DOF force/torque sensor is bulky but it 
can measure all of the components of the applied force and torque (Fx, Fy, Fz, Tx, Ty, 
Tz), however, it is limited to information from a single contact point. Tactile sensors 
are thin, flexible and measure the contact pressure distribution of the applied force on 
an area but they are limited to the normal component (Fz) of the applied force on the 
contact area. Figure 1-2 provides a graphical illustration of some of the general areas 
required for anthropomorphic manipulation. 
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Figure 1-1. The TWENDY-ONE robot. (a) The robot consists of a number of 
sensors and actuators that try to mimic the capabilities of a human.  (b) The human 
mimetic hand consists of both tactile and force torque sensors to give the force 






Figure 1-2. An overview of the general areas that are part of research into 
anthropomorphic manipulation. 
 
Overviews of dexterous grasping and general grasping theory are given in [9]-[33] 
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object manipulation and detection in general. One of the unique features of force 
sensors identified in the literature is that the force/tactile data can be used to 
reconstruct the shape and surface properties such as texture, deformability and 
flexibility of the contacted object [17]-[22]. This is in contrast to sensors such as 
vision systems that can provide shape information or limited textural data but not 
tactile information. 
One other feature that is common throughout the grasping literature is the use 
of hard fingertips for the fingers of the dexterous hand. The hard fingertip represents 
the simplest option since it can be easily manufactured and it simplifies the simulation 
of the reaction between the fingertip and the object but it limits the contact area to a 
single point which can increase the possibility of slippage when grasping an object. 
Research has since focused on using soft fingertips to improve grasping of objects 
[34]-[45]. The problem encountered is that trying to simulate the deformation of the 
finger material can be complex and computationally intensive. The way around this is 
to use tactile or force sensors to measure the contact force or pressure distribution to 
give an indication of the change in the deformable material. This represents an 
evolution in design philosophy from idealistic static fingertips to that of more realistic 





1.2 Research Aims and Objectives 
The previous section dealt with the general need for increased dexterity in 
manipulators, the trade-off between multi-degree-of-freedom sensors and tactile 
sensors and the shift from hard fingertips to soft-fingertips. This thesis focuses on the 
sensors required for anthropomorphic/dexterous grasping, specifically 6-DOF 
force/torque sensors.  
The main aim of this research is to develop a 6-DOF force and torque sensor 
that can be embedded into or onto the fingertip of a dexterous robotic manipulator 
such that the applied contact force and torque vector can be measured. Adding this 
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type of sensor greatly increases the information available to the robotic manipulator 
and it can greatly enhance the grasping ability of the manipulator. An additional aim 
of this research is to make the sensor MR-compatible so that it can be used for 
medical applications. Currently there are only a few MR-compatible sensors but none 
are small enough to fit within the fingertip of a dexterous robotic hand [46]-[49]. The 
robot can then be used in fMRI experiments. 
The objectives of this research are listed below: 
 
 To limit the dimensions of the sensor to fit within a fingertip of 
dimensions 35 mm × 20 mm × 15 mm (roughly human thumb size). 
 
 Design the sensor to satisfy the following specifications (comparable 
to the industry standard ATI Nano17 sensor): 
• Maximum dimensions: 17 mm × 17 mm × 20 mm 
• Maximum mass: 9 g 
• Fz = 0 – 7.5 N; Fx = Fy = 5 N. 
• Tz = 0 – 0.4 Nm; Tx = Ty = 0.2 Nm 
 
 Develop a mathematical model of the sensor in order to simulate its 
response to different input experiments in order to study applicability 
to different environments and possibly to improve the sensor’s design. 
 




1.3 Research Contributions 
This thesis adds a number of novel ideas to the field of force and torque 
sensing for dexterous manipulation that can be used for future sensor research and 
development. These contributions are listed below: 
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 Proposal of the use of linear polarizers to measure the applied force and torque 
exerted on a grasped object. Currently, measuring torque can be a challenge in 
LIM sensors. The linear polarizers provide an inexpensive yet robust sensing 
solution to measure the applied force and torque on an object. More about the 
principle of linear polarizers and polarized light is given in Chapter 3. 
 
 The proposal and design of a simple 2-DOF sensor (1 force and 1 torque) to 
measure the force and torque using linear polarizers. The linear polarizers 
allowed the applied force and torque to be easily decoupled hence improving 
the effectiveness of the sensor. Details of this sensor’s structure and its 
working principle are given in Chapters 3 and 4. 
 
 The proposal and design of a flexible 6-DOF sensor containing wire flexures 
and incorporating only linear polarizers as the sensing elements. The structure 
is based on a lightweight 3-UPS mechanism thereby reducing the dynamic 
loading on the manipulator when the sensor is placed at the fingertip. Details 
of the structure are given in Chapter 5. 
 
 Mathematical models describing the light intensity modulation of light passing 
through two consecutive polarizers. Data from these models can be combined 
with formulae for the mechanical deformation of the sensing structure to give 
a full mathematical model of the motion of the developed sensors. Details of 
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1.5 Thesis Structure Summary 
This thesis is organised into seven chapters which cover the introduction into 
dexterous manipulator grasping, a literature review of existing fingertip sensors and 
what are the limitations of existing sensor designs. The chapters continue with the 
design, development and demonstration of two force and torques sensors (2-DOF and 
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6-DOF respectively) incorporating linear polarizers into their design and the results of 
experiments carried out on the prototypes. The thesis concludes with discussions and 
conclusions regarding the experimental data and a short look at the future work for the 
sensors. A short summary of the details of each chapter is given below: 
 
Chapter 1 – Introduction, Aims & Objectives: This chapter presents an 
overview of force/torque sensors and why they are important for dexterous 
manipulation. The chapter is comprised of an introduction to robotic 
grasping, the use of fingertip sensors for dexterous manipulation and the 
aims and objectives of this research. The chapter ends with a list of 
contributions that this research brings to the community and a thesis outline 
and summary. 
 
Chapter 2 – Literature Review: This chapter presents the current state-of-the-
art in force/torque sensors for dexterous robot manipulators. This review 
looks at the design and sensing principles of different types of force sensors 
that have been proposed or used for dexterous manipulation. Some aspects 
of integrating the highlighted sensors into dexterous manipulators are also 
discussed. The chapter ends with a summary of the sensors’ features and 
identification of areas where further sensing capabilities are needed in order 
to improve autonomous grasping. 
 
Chapter 3 – Design and Development of a 2-DOF force and torque 
sensor: This chapter focuses on the development of a miniature 2-axis 
force and torque sensor based on light intensity modulation and linear 
polarizers. The chapter presents a general description of the sensor’s 
components and its working principle. The mechanical and light intensity 
analysis of the sensing structure is also presented as well as some simulation 
results. 
 
Chapter 4 – Testing and Evaluation of the 2-DOF sensor: This chapter 
presents the assembly and calibration procedure for the 2-axis sensor 
prototype presented in Chapter 3. The results of experiments conducted 
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using this sensor are also presented in this chapter and discussions and 
conclusions about the sensor’s features and performance are examined for 
possible improvements in future designs. 
 
Chapter 5 – Design and Development of a 6-DOF force and torque 
sensor: This chapter focuses on the design of a parallel mechanism 6-axis 
force and torque sensor that uses fibre optics and linear polarizers as the 
sensing elements to measure the applied force and torque. The chapter 
presents a general description of the proposed sensor before developing the 
mathematical model of the sensor and the light intensity modulation scheme 
that allows the applied force and torque to be computed from the intensity 
modulated light. Simulation results of the proposed sensor are also 
presented. 
 
Chapter 6 – Testing and Evaluation of the 6-DOF Force and Torque 
sensor: This chapter presents the assembly, calibration and testing of the 
proposed 6-axis force and torque sensor. Experiments using the sensor to 
grasp hard, curved and deformable objects are outlined and the experimental 
results presented. 
 
Chapter 7 – Conclusions and Future Work: This chapter examines the 
results of the experiments conducted and compares the theoretical solutions 
to the observed experimental data. Analysis of individual grasping 
experiments is conducted as well as comparisons between the results from 
the experiments with the 2-axis sensor in Chapter 4. The chapter ends with a 
discussion and conclusion of the results of the experiments conducted and 
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2.1 Introduction 
 Over the past two decades the interest in fingertip sensors for dexterous 
robotic manipulators has developed from a mere curiosity and theoretical challenge to 
a full investigation and product development research area. Developed devices have 
moved form large, momentary contact (ON/OFF) sensors to commercially available 
sensors that can be integrated directly into a robotic fingertip as shown in Figure 2-1 
and [50]-[52]. There are generally two areas that have to be considered when 
developing sensors: the sensing structure and the sensing element. The sensing 
structure is the part of the robot that is in direct contact with the applied force. 
Depending on the application of the sensor the sensing structure may amplify or 
attenuate the applied force to give better sensing results. The sensing element converts 
the change in the sensing structure into a measureable change in one of the properties 
of the sensing material such as length, density or even opacity in some cases. Figure 
2-2 shows a representation of a simple and idealistic force sensor where the applied 
force causes the sensing structure to flex inward (or outward) resulting in a change in 
the sensing element. The sensing element can convert this change into a change in 
current, voltage, light intensity or capacitance depending on the transducer technology 
used. The following sections examine the common materials and methods for the 
sensing element as well as different types of sensing structures that are used to create 
fingertip sensors. 
 
Figure 2-1. Fingertip sensors integrated into a SCHUNK Dextrous Hand SDH. 
Inset is a graphical output from the sensor (larger lines indicate greater force) when 
the hand is applying varying forces when grasping the circular object [50]-[52]. 
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Figure 2-2. An example of a force sensor showing the sensing structure and the 





2.2 Force Sensing Techniques 
 This section examines four general sensing technologies that are used to create 
force/torque sensors. The technologies are generally categorised as: strain gauge 
sensors, piezo-based sensors, capacitance sensors and optical sensors. Each category 
has certain attributes which make it attractive to certain applications. More about 




2.2.1 Strain Gauge Force Sensing 
 Strain gauges have been used for force sensing for a number of years 
due to their simplicity, reliability and linearity. Strain gauges are based on the 
principle where an applied force produces a minute change in the resistance of a 
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length of conductor. This change in resistance can then be measured by connecting 
the strain gauge as one of the four legs of a Wheatstone bridge with the other three 
legs being known resistances. The Wheatstone bridge converts the change in 
resistance to a change in voltage which can then be amplified for further processing. 
The fundamental equation governing resistance change for materials is given by 
A
lR ρ=
     ( 2-1 ) 
 
where R is the resistance (Ω), ρ is the Resistivity of the material (Ωm), l is the Length 
of the material (m) and A is the cross-sectional area of the material (m2) [57]. Figure 
2-3 shows a typical foil strain gauge which is simply a thin length of rectangular 
metal (foil) arranged in a “wave” pattern to increase the length of the conductor and 
maximize the change in resistance. The entire sensor must then be bonded to or 
embedded within the sensing structure for best results. Figure 2-4 shows a number of 
strain gauges bonded to the surface of the sensing structure to measure torsional 
forces applied to the sensor [54]. 
 Although strain gauge sensors are simple and easy to use they have some 
drawbacks that have to be compensated for to achieve accurate results. Firstly, strain 
gauges are sensitive to temperature fluctuations since this also causes the conductor’s 
length to change and hence change resistance. A number of temperature compensation 
techniques have been developed to mitigate the effects of temperature change. If the 
contact’s surface properties are known then one technique is to design the conductor 
to have approximately the same coefficient of linear expansion as the contact surface. 
This effectively negates the effect of temperature on the sensor readings. If the contact 
surface or object is unknown or frequently changes then another method is to bond 
multiple strain gauges (2 – 4 gauges) at different locations on the sensor. The strain 
gauges are then connected to different legs of the same Wheatstone bridge with the 
opposing strain gauge cancelling the effects due to temperature-induced strain. 
Secondly, bonding strain gauges to curved surfaces can cause problems in certain 
applications, especially in situations where the sensing structure or contacting object 
is changing rapidly. This is because the changing surface weakens the strain gauge 
bond hence giving inaccurate strain and resistance measurements. Thirdly, the size of 
the strain gauge itself also presents challenges to integrating them into very small 
sensors since typical sensing areas are less than 10 mm2. A tactile fingertip by [55] 
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illustrates a typical example of how strain gauges can be integrated into a proposed 
robotic fingertip. The tactile sensor is designed to measure forces applied anywhere 
on a 16.9 × 14.9 mm contact cover which is designed to concentrate the force onto 
two pairs of strain gauges. The strain gauges are arranged orthogonal to each other to 
measure both longitudinal and transverse forces and torques. [56]. 
 
 
Figure 2-3. The typical strain gauge is usually made as a “waved” pattern to 
increase the change in resistance due to the applied force [53]. 
 
 
Figure 2-4. The strain gauges are arranged to measure torsional forces applied to 





2.2.2 Piezo-based Force Sensing 
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Piezo-based sensors are mainly semiconductor or MEMS devices that 
experience a change in resistance or some other property with applied force. Piezo-
based sensors are generally divided into two categories: piezoresistive sensors and 
piezoelectric sensors. Equation 2-1 (Section 2.2.1) indicates that there are two ways 
by which the applied force can change the resistance of the conductor: by changing 
the dimensions of the material (length or area) or by changing the resistivity of the 
material. The first method is used by traditional foil strain gauges presented in Section 
2.2.1 to create force sensors however, piezoresistors are made using micromachining 
technology making them smaller than foil gauges but also more fragile and 
susceptible to temperature fluctuations. The second method, which is possible with 
the advent of microfabrication technology, allows temperature compensated strain 
gauges to be manufactured thereby minimizing the effect of temperature fluctuation 
on the sensor readings. The sensitivity of piezoelectric material is approximately 100 
µV/µm. 
 Piezoelectric sensors, in contrast to piezoresistive sensors, generate a voltage 
with the applied force instead of changing the material’s resistance. Piezoelectric 
materials contain charged molecules in either crystalline or long-chain molecule 
patterns. These charged molecules generate an electric field around the piezoelectric 
material which establishes an initial voltage level for the unstressed material (see 
Figure 2-5). Forces applied to the piezo-material change the established voltage level; 
compressive forces increase the voltage while extensive forces decrease the voltage. 
The sensitivity of piezo-electric material is around 5 V/µm [58][59][60] and it is well 
suited for dynamic signal investigation but it is susceptible to temperature induced 
strain. 
 A number of sensors have been developed which employ piezo-based 
materials as the main sensing element. Kattavenos et al. [61] developed a sensor-
equipped forceps using an array of piezoresistive elements as shown in Figure 2-6. 
Each array resistor measured 0.5 mm × 0.5 mm and placed with a pitch of 1.0 mm on 
one side of the forceps. This sensor was able to detect irregularly shaped lumps in a 
phantom bowel provided the sensor was moved slowly over the phantom. Dargahi et 
al. [62] also created an instrumented forceps but used PVDF (piezoelectric) material 
to form the sensor array as shown in Figure 2-7. This sensor has similar properties to 
the one by [61] but the PVDF material exhibits better linearity over a larger force 
range also the output voltage sensitivity and level are larger than the piezoresistive 
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sensor. Choi et al. [63] utilized the enhanced features of the PVDF material, including 
its high dynamic range, to design a tactile sensor for the fingertips of the SKKP Hand 
II anthropomorphic robot hand to investigate stick-slip scenarios when grasping 
objects. Son et al. [64] and Kolesar, Jr. and Dyson [65] used PVDF film to create a 
tactile fingertip sensor that can also detect local object curvature. Goeger et al. [66] 
also developed a fingertip PVDF slip sensor with multiple contact coverings to 
investigate the best contact finger texture to detect object slippage. Paredes-Madrid et 
al. [67] used piezoresistive sensors to create a data glove for haptic research. Barsky 
et al. [68] used PVDF sensors to detect and damp exerted forces on a gripper to 
reduce response time and improve gripper control. Cotton et al. [69] combined both 
piezoresistive and piezoelectric materials to create a 2 mm thick multisensory 
fingertip for the Southampton Hand (see Figure 2-8). 
 
Figure 2-5. The basic structure of a piezoelectric material consists of charged ions 
on opposing surfaces of the structure thereby forming an electric field around the 
material. Compressing the opposing surfaces causes the electric field to increase while 
moving the surfaces apart reduces the electric field. (a) The structure of a crystalline 
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Figure 2-6. A medical forceps equipped with a piezoresistive sensor array. (a) The 
array is bonded to one side of the forceps and connected with flexible cables. (b) The 
















Figure 2-8. (a) The Southampton Hand with an integrated force and slip sensor by 
Cotton et al. [69]. (b) The fingertip tactile sensor to detect object slippage by Goeger 




2.2.3 Capacitive Force Sensors 
 Capacitive sensors experience a change in the value of the capacitance with 
applied force. The simplest type of capacitor is the parallel plate capacitor which is 
comprised of a dielectric (insulating) material between two conducting plates (see 
Figure 2-9a). The equation for a parallel plate capacitor is given by  
d
AC dε=
     ( 2-2 ) 
 
where A (m2) is the surface area of the conducting plates, εd (F/m) is the permittivity 
of the dielectric material, d (m) is the separation distance between the conducting 
plates and C is the resultant capacitance (F). In general, εd is constant while the 
applied force varies either A or d. The voltage across a capacitor is given by 













c eVtV 1)( 0
     ( 2-3 ) 
 
where V0 is the applied voltage, t is the charging time, τ is the time constant of the 
circuit (given by the product of resistance, R and capacitance, C) and Vc(t) is the 
capacitor voltage at time t. Unlike other types of sensors capacitive sensors require a 
voltage pulse or a changing voltage to charge the capacitor and a current-to-voltage 
converter the charging current to a measurable voltage. Figure 2-9b shows a simple 
circuit to measure the change in voltage for a change in capacitance. 
 Capacitive force sensors have been widely used due to their simple 
construction and operation. Fearing [72] developed a cylindrical fingertip sensor that 
can be integrated into the Stanford/JPL dexterous hand. The sensor used an array of 
eight capacitive sensing elements to improve regrasping operations when handling 
objects. The sensor gave a good indication of the contact location and centre of 
pressure at each sensing element but sensing accuracy deteriorated as contact moved 
away from the sensing element. Success was also achieved in determining the 
orientation of the grasped object but it was limited by the low sensing element spatial 
resolution of the sensor. Lee et al. [73] designed a tactile array (16 × 16 elements) 
based on the parallel plate design but encased in PDMS to reduce crosstalk and 
improve hysteresis (see Figure 2-10). Forces applied to the sensing element change 
the separation distance of the air gap and hence the capacitance of the element. This 
basic sensing principle is also used by Chun and Wise [74], Castelli [75] and Chu et 
al. [76]. It is also the basis of the fingertip sensor for the iCub humanoid robot [77]. 
 






Figure 2-9. (a) The capacitance of a parallel plate capacitor is based on the area of 
the conducting plate, A and the separation distance, d between the two plates. (b) A 
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2.2.4 Optical Force Sensors 
 Optical force sensors use a change in one of the properties of light to represent 
a change in applied force. In this discussion light is treated as a repeating sinusoidal 
wave unless otherwise stated. The general equation for a sinusoidal wave (see Figure 
2-11) is given by 
 
( )φpi += ftAF m 2sin    ( 2-4 ) 
 
where Am is the amplitude of the sine wave (in units of meters, voltage, current, etc), f 
is the frequency of the wave (Hz), ϕ is the phase angle of the wave (radians), t is the 
time (seconds) and F is the value at a particular time t. The wave description of light 
presents three general parameters that can be used to create a force sensor: the 
Amplitude, Am, the frequency, f and the phase, ϕ. All optical systems require a light 
source and an optical detector to complete the sensing circuit as shown in Figure 2-12. 
For situations where it is not feasible or convenient to have the sensor close to the 
light source or detector then optical fibre cables can be used to extend the distance of 
the sensor. 
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Figure 2-11. The basic characteristics of a sine wave representing a light wave. The 
two light waves have a phase difference of ϕ between them. 
 
 
Figure 2-12. The general optical system consists of a light source, a light detector, 
the optical sensor and (optional) fibre optical cable. 
 
One of the earliest methods of modulating the optical output was to vary the 
amplitude of the light also called Light Intensity Modulation (LIM). Jeong et al. [78]. 
created a simple 2-DOF fingertip tactile sensor using a single IR (InfraRed) emitter 
and two orthogonal IR detectors (see Figure 2-13). The orthogonal arrangement of the 
detectors enabled the sensor to measure both normal and tangential forces while the 
IR detectors helped to reduce background noise due to visible light. Note that this 
sensor uses directly coupled light i.e. the light from the light source is directly 
projected onto the detector so that variations in light intensity are obtained by either 
partially blocking the light (for normal force measurement) or shifting the emitter and 
detector out of alignment (for tangential force measurement). The output intensity is 
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generally nonlinear but can be approximated as linear over a small working range 
(piecewise linear). Palli and Pirozzi [79] used the misalignment principle to create an 
optical bend sensor to measure the tendon force on a robotic finger. The sensor was 
used to improve the robot’s force and position control due to the high sensitivity of 
the misalignment technique. An extension to this misalignment technique deals with 
using reflected light to increase the sensitivity of the sensor. The basic reflective fibre 
optic displacement sensor (FODS) consists of a pair of parallel fibre optic cables 
(transmitter and receiver) and a reflective surface to measure the distance between the 
transmitting fibre and the reflective surface. The distance can then be used to calculate 
the applied force the structure provided the elastic properties of the structure are 
known or the sensor is properly calibrated. The disadvantage of this design is that it is 
inefficient since only a small portion of the transmitted light is reflected to the 
receiver. Puangmali et al [80], Buchade and Shaligram [81] and Mazid and Russell 
[82] used angled or bent-tip fibre to improvement to the design. The bent-tip approach 
proved superior since more of the reflected light was directed to the receiving fibre 
(see Figure 2-14). The disadvantage of this technique is that it is only sensitive in a 
narrow range of operation. An alternative to fibre pairs is to use a fibre optic coupler 
which allows both the transmitted and reflective light to travel along the same optical 
fibre. Polygerinos et al. [83], Tohyama et al. [84], Peirs et al. [85] and Kulkarni et al. 
[86] used this method to reduce the size of their sensors while still maintaining good 
sensitivity. 
Another popular LIM technique is that of microbending. Microbending 
involves bending a length of fibre optic cable beyond its minimum bending radius. 
Fibre optic cables propagate light using the principle of refraction and total internal 
reflection (see Figure 2-15). For a straight fibre the light travels within the core of the 
fibre with minimal intensity loses. If the fibre curves sharply then some of the light 
rays will escape resulting in reduced received light. Luo et al. [87] created a simple 
microbend sensor using corrugated teeth, with a tooth separation of 3.5 mm, to indent 
the multimode fibre (see Figure 2-16). The range of the sensor was limited to 300µɛm 
of strain but a number of sensors could be cascaded to form a distributed sensor. Heo 
et al. [88] extended the basic microbending principle by using multiple orthogonal 
multimode fibres to form a tactile grid (see Figure 2-17). Applying force on the sensor 
caused an indenter above the intersection of the fibres to microbend both fibres 
resulting in reduced light. The applied force is calculated from the received light 
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intensity while the contact position is determined from the fibre grid. The sensor had a 
force range of 0 – 15 N and a resolution of 0.05 N. Other microbend sensors include a 
bend detection sensor by Koch et al. [89] which contained slits on one side of the 
fibre. Bending the fibre inward resulted in less light escaping the firber while bending 
the fibre outward cause more light to be lost. Depending on the received intensity the 
direction of the bending force (torque) can be detected. Hetero-core fibres, used by 
Watanabe et al. [90] and Nishiyama and Watanbe [91], consists of a short length of 
fusion-spliced single mode optical fibre (Ø 3 – 5 µm) spliced axially between two 
larger core optical fibres (Ø > 9 µm). The advantage of hetero-core fibres is that the 
point of microbending can be accurately determined. 
 
   (a)      (b) 
Figure 2-13. (a) A 2-DOF fingertip sensor based on directly coupled/aligned IR 
LED light [78]. (b) An optical force sensor to measure the force on a tendon for a 
robotic hand [79]. 
 
 
Figure 2-14. The vertical displacement profile of bent-tip fibres (B) has a superior 
performance to traditional vertical displacement parallel fibres (C) [80]. 
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Fibre optic sensors have also been developed which affect the frequency of the 
transmitted light. The most popular technique is to use Fibre Bragg Gratings (FBG) to 
selectively block certain frequencies of the transmitted light. FBGs are optical fibres 
which have periodic variations in the refractive index of the fibre (see Figure 2-18). 
The reflected Bragg wavelength is given by 
 
Λ= fB n2λ
     ( 2-5 ) 
 
where nf is the refractive index of the fibre, Λ is the pitch between Bragg gratings and 
λB is the wavelength of the reflected light [92]. Strain and force sensors can be easily 
created from FBG because the Bragg wavelength is mainly affected by the pitch of 
the Bragg gratings so any applied force or strain changes the reflected light. The 
disadvantage is that FBGs are also susceptible to thermal strain so temperature 
compensation elements are necessary for FBG sensors. Also, the spectrum analyzer 
needed to analyze the reflected light as well as the fibres themselves can be 
expensive. Rajan et al. [93] present a typical FBG application where the blades of a 
robotic scissors were equipped with FBGs to measure the cutting force and as a 
reference for temperature compensation. The maximum force for this sensor was 30 N 
with a resolution of 1.1 N and Bragg frequency between 1500 – 1600 nm. Torque on a 
structure can also be measured depending on the placement of the FBG sensors. Swart 
et al. [94], Kruger et al. [95] and Tian and Tao [96] presented typical examples of a 
FBG torque sensor for a cylindrical bar where two FBGs were orientation at ±45 ° to 
the axis of rotation to provide simultaneous tension and compression strains (see 
Figure 2-19). Torque measurements of up to 200 Nm were capable with these sensors. 
Another advantage of FBGs is they can be easily multiplexed on the same fibre. 
Recall that FBGs only reflect a specific wavelength (within a narrow band) while 
allowing other wavelengths to pass undisturbed. This means that more than one FBG 
can be written on the same fibre thereby reducing the number of sensing fibres in the 
system. The disadvantage is that one or more spectrum analyzers must be used to 
measure the reflected signals. 
 The final variable parameter is to measure the phase shift of the reflected 
signal after passing through the sensor. One of the most widely known optical phase 
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modulation techniques is the Fabry-Perot resonator. As shown in Figure 2-20, this 
device uses two mirrored surfaces, one partially reflective and the other fully 
reflective and separated by a distance, d (usually in the order of a few micrometres). 
Changing the distance, d generates interference between the reflected light rays which 
causes a change in the intensity of the reflected light. Totsu and et al. [97] designed a 
Fabry-Perot pressure sensor with a diameter of 125 µm to monitor the pressure within 
blood vessels and capillaries. The force range was between -13.3 kPa – 53.3 kPa with 
a resolution of 0.53 kPa for a separation distance between 1600 – 1740 nm. Other 
sensors by Chang and Sirkis [98], Lee et al. [99] and Kim and Lee [100] present slight 
variations of this principle by using a combination of single and multimode fibres and 





Figure 2-15. (a) Optical rays propagating through a straight optical fibre by total 
internal reflection. (b) Optical rays lost from an optical fibre that is bent beyond its 
minimum bending radius as specified by the manufacturer. 
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Figure 2-16. Microbending sensors modulate the light by bending the optical fibre 
beyond its minimum bending radius so that light is lost from the fibre [87]. The light 
lost is a function of the applied force. 
 
 
Figure 2-17. A tactile microbending grid array by Heo et al. [88]. 
 
 
Figure 2-18. A FBG consists of periodic variations in the refractive index of the 
optical fibre. The periodic variations only reflect that portion of the spectrum which 
has the same pitch as the periodic variations. 




Figure 2-19. A typical fibre optic torque sensor uses two FBGs arranged at 45 ° to 




Figure 2-20. The Fabry-Perot sensor uses interference of light waves to measure the 
applied force. The applied force varies the separation distance between the mirrors 








2.2.5 Other Sensors 
 The previous sections presented common sensing techniques which have been 
used to develop force sensors. With the advancement in technology new force sensors 
have been created which utilize new sensing techniques. One approach investigated 
was to integrate transistors directly into the sensing fabric. Someya et al. [101] 
created an organic field-effect transistor based tactile sensor that is highly flexible (up 
to a bend radius of 2 mm) and bonded to a pressure sensitive rubber base. The applied 
pressure varies the FET’s Gate-to-Source voltage and hence changes the drain current. 
The drain current can then be further amplified by external circuit if desired. Dahiya 
et al. [102] produced a similar sensor but with standard MOSFET materials bonded to 
piezoelectric material. Another new technology is that of Electrorheological (ER) 
fluid sensing. ER fluids change viscosity depending on the applied electric field. 
Voyles Jr. et al. [103] proposed an ER-based tactile fingertip where the ER fluid is the 
dielectric of capacitors embedded within the fingertip. The applied electric field sets 
the viscosity of the ER fluid while the applied force changes the capacitance of the 
sensor and hence the capacitor’s voltage. The sensor also has the advantage of having 
variable stiffness since the viscosity of the sensor can be dynamically changed. 
Wettels et al. [104] also presented a fluid-filled sensor but used conductive fluid 
(propylene glycol/sodium iodide) with a known resistivity as the sensing medium. 
Applying force to the conductive fluid changes the resistivity of the fluid which can 
then be measured and used to calibrate the sensor for known forces. Forces between 




2.3 Multi-axial Sensors 
As previously mentioned in Section 1.1, increasing the DOF of a sensor 
increases the amount of force information that can be measured during a contact 
event. The previous section (Section 2.2) presented some of the more common types 
CHAPTER 2 – LITERATURE REVIEW 
 65
of sensing techniques which are used in robotic fingertips and for other sensing 
devices. However, sensing techniques are only one half of the sensing mechanism 
with the other half of the problem being the sensing structure itself. The sensing 
structure is in direct contact with the object and experiences some level of structural 
deformation from the contact forces, thereby producing a change in the measurable 
quantity. This section presents several multi-axial sensors that have been created 
using the principles highlighted in the previous section and incorporating them into 
the proposed sensing structure. 
From the literature a number of features have to be considered when designing 
the sensing structure. These features include: type of material, size of the structure, 
shape, stress points and degrees of freedom. For example, increasing the DOF of the 
sensor generally increases the size of the structure and to some extent the shape as 
well. Any applied force, F, can be decomposed into its constitute x-, y- and z-axis 
forces (Fx, Fy, Fz) and x-, y- and z-axis torque (Mx, My, Mz) components (see Figure 
2-21), therefore a 6-DOF sensor is capable of measuring any force applied by a 
robotic gripper. Miniaturizing existing 6-DOF sensors to fit within an 
anthropomorphic fingertip is still a major challenge. The majority of the multi-axial 
sensors utilize multiple strain gauge sensors to achieve multi-axial sensors since strain 
gauges are linear, simple to use and inexpensive but they need to be temperature 
compensated and are not naturally suited to be bonded to curved surfaces. Kaneko 
[105] proposed building 6-DOF sensors by combining two 3-DOF sensors provided 
the resulting calibration matrix is of full rank i.e. it can form 6 independent equations. 
Berkelman et al. [106], [107] developed a 3-DOF force sensor (Fx, Fy, Fz) based on a 
dual 4-cross design and with integrated silicon strain gauges at the edges of each of 
the arms of the crosses (see Figure 2-22). The sensor was developed for microsurgical 
applications with a force range of ±1.0 N, resolution of 0.05 mN and a diameter of 
12.5 mm. The 4-cross is a popular sensor design because it is simple, symmetric and 
the arms easily coincide with the Cartesian coordinate system so the conversion 
calculations are easier to perform than other designs. The dual 4-corss design has the 
added benefit of equalizing the axial and non-axial forces to produce more uniform 
output data. Another important feature of the 4-cross design is the use of stress 
points/features which determine where the structure will deform. Figure 2-22 shows 
the locations of the strain gauges which are bonded to the edges of the slim arms. 
 




Figure 2-21. Any force, F can be decomposed into one or more of the following 
components: Fx, Fy, Fx, Mx, My and Mz (Cartesian coordinate system). 
 
  
Figure 2-22. The 3-axis sensor (Fx, Fy, Fz) was developed using a dual 4-cross 
design with integrated strain gauges at the edges of each of the arms of the cross. 
 
The smaller the arms the more sensitive they are to applied forces and placing the 
strain gauges at the edges increases the deformation due to moment forces. This 
highlights three areas that must be considered when determining the sensitivity of the 
sensing structure: 
1. The type of sensor to use. 
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2. The design and properties of the stress features to concentrate the 
applied forces on the sensing elements. 
3. The placement of the sensors on the stress features to maximize the 
effect of the deformation on the sensor output. 
 
Fujii et al. [108] presented an extensive mathematical analysis on designing 
the arms of the cross so that the measureable force and sensitivity can be tailored to 
the specific application. A number of 4-cross sensors have been developed, ([109] – 
[119]) with applications ranging from robotic fingertips ([109]-[112]) to insect leg 
forces ([113]). Six DOF sensors are also possible depending on the configuration of 
the sensing elements (see Jin et al. [115] and Kim et al. [116]). Three-cross sensors 
have also been developed by Cui et al. [120], Butterfab et al. [121] and Yamada et al. 
[122]. These sensors reduce the size and weight of the sensor but increase the 
complexity of resolving the applied forces. Other multi-axial sensors structures 
include dome-shaped structures ([130]-[136]), capacitive structures ([123]-[129]) and 
parallel structures ([139]-[141]). Dome-shaped structures are symmetric which 
provide a more even distribution of contact force to the sensor and reduces the need to 
orient the sensor in a special configuration to contact an object. The disadvantage is 
that the dome increases the size of the sensor. Capacitive structures build parallel 
plate capacitors directly into the structure itself resulting in a more compact design 
but it can be affected by magnetic interference. Parallel structures have a symmetric 
arrangement with top and bottom parallel plates connected by moveable arms. One of 
the more popular parallel designs is the Stewart platform (see Figure 2-23). Parallel 
designs have high stiffness and a high level of structural redundancy but the structure 
may have a number of moving parts that introduce friction. Even more complicated 
sensing structures were created by Park et al. [138] who developed a flexible 
honeycombed-shaped 6-DOF fingertip sensor with five embedded FBG sensors to 
measure contact forces. The honeycomb shape ensured a light and flexible but yet 
strong structure with a maximum static force of 12 N and can measure dynamic forces 










Figure 2-23. A typical Stewart Platform showing the 6-DOF movable contact 




2.4 Sensing Principle Selection 
 The preceding sections in this chapter presented several of the more common 
sensing technologies including the sensing elements and sensing structures. Section 
1.2 presented the two major aims of this research: to develop a 6-DOF force and 
torque sensor for the fingertip of a dexterous robotic manipulator and to make the 
sensor MR-compatible so that can be used for medical applications. Table 2.1 
presents a comparison between the different types of sensing technologies and the 
desired aims of the research. The deciding factor in the selection of a sensing 
technology is the desire for MR compatibility. The best MR-compatible sensing 
technology is optical fibre which also has the advantage of low signal attenuation and 
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multiple sensors can be multiplexed on the same fibre with the appropriate equipment. 
Although optical techniques such as FBGs and Fabry-Perot are viable optical 
modulation techniques they require more expensive detection instruments and they 
increase the cost of the sensor. LIM was chosen as the optical modulation technique 
because it is simple, easy to implement and inexpensive. Chapter 3 presents a 2-DOF 








Strain gauge √ X 
Piezo √ X 
Capacitance √ X 
Optical Fibre √ √ 
 





2.5 Chapter Summary 
 This chapter examined two general aspects of sensor design: the sensing 
element/transducer which converts the applied force/torque into a measureable 
quantity (usually current or voltage) and the sensing structure which is in contact with 
the object. Four general types of force sensing techniques were presented: strain-
gauge sensing, piezo-based sensing, capacitance-based sensing and optical-based 
sensing. 
Strain-gauge sensors are based on the principle that an applied force produces 
a small change in the length and hence resistance of a length of conductor as given by 
equation 2-1 (Section 2.2.1). Piezo-based sensors generate a voltage in proportion to 
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the applied force and have higher sensitivity than the strain-gauge type sensors 
(Section 2.2.2). Capacitance-based sensors experience a change in capacitance with 
applied force with the capacitance given by equation 2-2. The change in capacitance 
changes the current flowing through the sensing circuit which can then be measured 
to give an indication of the applied force (see Section 2.2.3). Optical-based sensors 
(Section 2.2.4) modulate one of the properties of light (amplitude, frequency or phase) 
as given by equation 2-4. Light Intensity Modulation (LIM) optical sensors are simple 
to construct and use but frequency (Fibre Bragg Gratings) and phase modulation 
(Fabry-Perot) optical sensors have superior sensitivity and performance 
characteristics. Optical sensors also have desirable characteristics such as immunity to 
magnetic noise and corrosive environments. 
The other area examined was the sensing structure that would be in contact 
with the object. One of the more popular sensing structures is the “4-cross” design 
where each arm is perpendicular to each other and the arms can be aligned to the 
Cartesian coordinate system to simplify force and torque calculations (see Figure 2-
22). Another structure examined was the parallel mechanism where the contact 
surface is supported by extensible legs and the applied load is distributed among the 
structures legs (See Figure 2-23). The features of the parallel mechanism are that it 
offers high structural stiffness and redundancy and better load bearing capabilities 
than serial mechanisms but calculation of the displacement and orientation of the 
contact platform is more difficult than serial mechanisms. 
Given the features of the investigated sensing techniques and the desired 
application of the sensor to dexterous robotic fingertips and a desire for MR-
compatibility, the chosen sensing technique was the light intensity modulation optical 
sensor due to it magnetic immunity features (MR-compatibility requirement) and a 
serial sensing structure to simplify the design and reduce the size of the device. 
Chapter 3 presents a description and model of the developed force and torque sensor 
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 The previous chapter examined several sensing technologies and sensing 
structures that can be used to create multiaxial sensors. The reviewed sensing 
technologies were compared with the research aims and objectives with a view of 
deciding on the best strategy for designing the desired fingertip sensor. From the 
review process the path chosen was to use Light Intensity Modulation (LIM) with a 4-
cross design to the fingertip sensor. Section 2.2.4 presented the basic principles of 
LIM and the methodologies used to achieve LIM. This chapter presents a novel 2-
DOF sensor based on LIM and incorporating linear polarizers for torque 
measurement. The following sections explain the design and operation of the 
developed sensor and present a mathematical model of the sensor. Section 3.2.1 
discusses the operation and mathematical modelling of the linear force sensor (Fz) 
while Section 3.2.2 introduces the concept of linear polarizers and their application to 
torque measurement (Mx). 
 
 
Figure 3-1. A magnified image of the 2-DOF outlining the major sections of the 
sensor described in this chapter (diameter: 9 mm; height: 10 mm).  
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3.2 2-Axis Sensor Overview 
 The proposed 2-DOF sensor was designed to measure two forces (Fz and Mx) 
simultaneously. The sensor uses two intensity modulation techniques: 
 
 Modulating the intensity by varying the displacement between axially-
aligned optical fibres. 
 
 Modulating the intensity by rotating a linear polarizer in the path of linearly 
polarized light. 
 
The structure of the force sensor is shown in Figure 3.2 and consists of two lengths 
(approximately 0.6 m each) of 0.25 mm general purpose simplex plastic multimode 
optical fibre (NA of 0.5) [142], [143]; one length was the receiving fibre and it was 
embedded within a fixed support to provide a known starting position and the other 
length was the transmitting fibre and it was embedded within a moveable support for 
the applied force. The other end of the transmitting fibre was connected to a red 
superbright LED light source with a centre wavelength of 660 nm. The red light was 
chosen because it offered less transmission attenuation and better optical coupling for 
plastic optical fibre than other types of light sources (ideal wavelength would be 650 
nm). The receiving fibre was connected to a high sensitivity phototransistor which 
converted the received light into a corresponding current [144]. The output voltage 
was further amplified and digitized before being transmitted to a computer for further 
processing. The initial separation distance between the transmitting and receiving 
fibres was set at 1.8 mm thereby providing an initial output voltage when no force is 
applied to the sensor. Referring to Figure 3-2, if a downward force is applied to the 
moveable contact plate then the transmitting and receiving fibres are moved closer 
together increasing the coupled light and the phototransistor voltage. Conversely, if an 
upward force is applied to the moveable contact plate then the transmitting and 
receiving fibres are moved farther apart decreasing the coupled light and the 
phototransistor voltage. Therefore, both the magnitude (coupled light intensity) and 
the direction of the force (increasing or decreasing intensity/voltage) can be 
determined for the force sensor. 
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 The structure of the torque sensor is shown in Figure 3-3 and is structurally 
similar to the force sensor but with the following modifications. First this sensor 
embeds the transmitting and receiving fibres into two fixed supports so there is no 
relative motion between the fibres. Secondly, the light is intensity modulated by 
rotating a linear polarizer in the path of the light. The intensity is therefore modulated 
by varying the angle of rotation of the linear polarizer. Polarization will be further 
discussed in Section 3.4. The entire sensor was made of ABS plastic and nitinol strips 
which exhibit little or negligible effects from magnetic fields thus making them 
suitable for MR environments. A number of other materials were tested prior to 
selecting nitinol strips for the twisting flexures [186]. Materials such as rubber, cured 
liquid latex and plastic strips were tried but although they were all MR-compatible the 
rubber and liquid latex exhibited low stiffness and low load bearing capabilities. 
Flexures based on these types of materials were very sensitive to pure torque forces 
but resolving combined force and torque forces proved difficult. The stiffness of the 
plastic strips was better than the rubber-based materials but the main problem with the 
plastic strips was that the position of the point of flexing could not be consistently 
guaranteed thereby affecting the repeatability of the sensor. The rectangular nitinol 
strips used in the sensors were sample products from Memry Cooperation [187] with 
a width of 0.5 mm and a thickness of 0.2 mm. The Young’s Modulus of Elasticity for 
the material was approximated to be 5.5 GPa. The advantages of the nitinol were that 
it was stiffer than the other materials and the small size would help reduce the size of 
the sensor. In addition, since the nitinol was a metal it had superior elastic properties 
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3.3 Force Sensor Mathematical Modelling 
 Section 3.2 presented the general overview of the sensing system. This section 
concentrates on the force sensing structure and the structural and optical intensity 
mathematical modelling of the sensor when it is subjected to applied forces. The 2-
DOF sensor consists of three main parts: A – C. Components Part B, Part C and 
Nitinol Strip A form the force sensing (Fz) component of the 2-DOF sensor as shown 
in Figure 3-4 to Figure 3-7. Note that for this description Nitinol Strip J collectively 
refers to the two horizontal nitinol strips. The two strips help stabilize the sensor and 
reduce unwanted coupling between sensing axes. In addition, Part B and Part C 
contain the holes for the axially-aligned transmitting and receiving fibres. All of the 
parts of the sensor are rigidly bonded to each other with only the nitinol strips 
designed to flex or twist under applied forces. The rigid bonding design eliminates 
frictional forces, increases structural stiffness and reduces maintenance costs. 
 Consider a single strip J, rigidly fixed at its ends in Part C and embedded in 
the middle by Part B as shown in Figure 3-8a. If a vertical force is applied to Part B 
then the strip flexes inwards and moves the transmitter and receiver closer together. 
Let z0 be the initial separation distance between the transmitting and receiving fibres. 
The strip deflection, δz of a uniform rectangular strip, fixed at both ends and subjected 












 (m)   (3-1) 
 
where L is the total length of the strip (m), a is the distance between the applied force 
and the fixed end (m), E is the Young’s Modulus of Elasticity of the material (Pa), F 
is the applied force (N), Ixx is the second moment of inertia for the strip (m4) and δz is 
the deflection of the strip (m) when loaded as shown in Figure 3-8b [146]. The second 
moment of inertia of a rectangular beam about the x-axis is given by 
 




Figure 3-4. The proposed 2-DOF sensor based on LIM using linear polarizers. Part 
A is connected to the fingertip and Part C makes contact with the object. Part B links 
Parts A and C and provides the 2-DOF movement with Nitinol Strip K providing 
rotation movement (Mx component) and Nitinol Strip J providing translational 
movement (Fz component). The polariser (grey material) intensity modulates the light 




Figure 3-5. A photo of the 2-DOF sensor and the dexterous fingertip. 
 










Figure 3-7. Drawing of the force sensing component of the 2-DOF sensor and 
incorporating an illustration of the light emitted from the transmitting fibre. 
 
 




Figure 3-8. Nitinol strip deflection principle. (a) Default position of the unloaded 
strip. (b) The strip deflecting due to an applied force. (c) The cross-sectional area of 
the strip. (d) The phototransistor detection circuit. 
 
12
3bhI xx =  (m4)     (3-2) 
 
where h is the thickness perpendicular to the axis (m) and b is the width of the strip 
parallel to the axis (m) (see Figure 3-8c). If the deviation is small then the strip 
deflection is approximately linear and obeys Hooke’s Law, 
 
zkF δ=
  (N)    (3-3) 
 
 
where F is the applied force (N), k is the constant for the strip and δx (m) is the 
deflection of the loaded strip. Substituting (3-1) into (3-3) gives the value of k where, 
 












 (N/m).  (3-4) 
 
The transmitting fibre is embedded within the deflecting section (Part B) so as 
the strip deflects more light is coupled to the receiving fibre in Part C. The light 
emitted from the fibre generates a Gaussian profile as it propagates away from the 






























 (cd)  (3-5) 
 
where z is the distance propagated from the emitting fibre, r is the radial distance from 
the centre of the emitting fibre (m), I0 is the intensity at the centre of the Gaussian 
beam (cd) , w0 is the Gaussian beam waist at the emitting fibre (m), w(z) is the beam 
waist (m) after the light has propagated a distance of z metres and I(r, z) is the 
intensity at a radial distance r metres after propagating a distance of z metres [147]. 
The beam waist, w0 (m) is defined as the radial width of the profile at which the 
intensity falls to 1/e2 (13.5%) of its maximum value. The beam waist, w as a function 



































zzz δ+= 0    (m)  (3-7) 
 
where λ is the wavelength of the transmitted light (nm) and M2 is the quality factor of 
the Gaussian beam, w(z) is the beam waist at a propagation of z and z0 is initial 
separation between the transmitting and receiving fibres (see Figure 3-8). Figure 3-9d 
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shows how the Gaussian profile changes with different values of M2. An ideal 
Gaussian distribution has a quality factor of 1 which produces a very slender profile 
while larger values of M2 produce an increasingly flatter profile [152]. This is because 
the area under a Gaussian profile is fixed hence as the wave spreads the amplitude of 
the profile must decrease to maintain the fixed area under the curve. The optical 
power of the light received by the receiving fibre depends on the size of the core of 








   (3-8) 
 
where 2pir is the circumference of the receiving aperture and I(r, z) is the intensity of 
the light at the receiving fibre. Substituting equation (3-5) into (3-8) and integrating 
gives 
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  (W).  (3-9) 
 
The photodetetctor produces a current that is proportional to the power of the 
light being received. The photodetector in this research is a phototransistor which has 
an intrinsic amplification factor, Kp and it also has a relative spectral sensitivity, Sk to 
the wavelength of the light used. Both of these parameters were available from the 
phototransistor’s datasheet. The current supplied by the phototransistor is then given 
by 
 




Figure 3-9. The Gaussian waveform decreases in amplitude in order to maintain 
the constant volume under the curve as it propagates away from the source. (a) The 
Gaussian light at the emitter of the light source. (b)  The Gaussian light at a medium 
distance (5 mm) from the emitter of the light source. The intensity has fallen to 
approximately one quarter of the maximum intensity at the emitter. (c) The Gaussian 
light at a far distance (10 mm) from the emitter of the light source. The intensity has 
fallen to less than one tenth of the maximum intensity at the emitter. (d) A comparison 




























  (A)  (3-10) 
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The phototransistor current flows through a resistor R which converters the current to 
a representative voltage of the received light. The voltage representation of the change 
in received light is then given by  
 
























 (V) (3-11) 
 
where VR(z) is the change in voltage for the change in distance, z (see Figure 3-6). 
Plotting equation (3-11) for propagation distance, z produces the curve shown in 
Figure 3-10. The response curve is generally does not have a constant gradient but 
small displacements about an initial position produce an approximately constant 
gradient output. The sensor’s linear displacement is limited to a maximum travel of ± 
1 mm from the initial position (the red line in Figure 3-10). The general equation of 
the line is given by 
 
oR VzzqzV +−= )()( 0    (3-12) 
 
where q is the gradient of the line, Vo is the initial voltage at the unloaded position, z 
is the displacement of the deflecting strip and VR(z) is the voltage at the position z. 
The value of the gradient, g can be found experimentally during calibration of the 
sensor. Substituting equation (3-7) into (3-12) and rearranging gives 
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  (N)  (3-14) 
 
where k is the constant for the strip given by equation 3-4. Equation (3-14) therefore 
gives the relationship between the applied force and the change in voltage. 
 Temperature fluctuations affect the diameter of the sensing fibre causing 
fluctuations in the phototransistor current and the force reading. The radial change 
due to temperature is given by 




Trr ∆=∆ α0      (3-15) 
 
where r0 is the initial radius of the fibre, α is the coefficient of linear expansion of the 
material, ∆T is the change in temperature and ∆r is the change in fibre radius. The 
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The graph of equation 3-17 is shown in Figure 3-10 where the sensitivity is plotted 
against the temperature change. 
 
 








3.4 Torque Sensor Mathematical Modelling 
 The torque sensing component of the sensor is comprised of Part A, Part B 
and Nitinol Strip K as shown in Figure 3-4. The ends of Nitinol Strip K are rigidly 
embedded into Part A while the middle of Strip K is bonded to the middle of Part B 
resulting in the two parts experiencing only rotational movement relative to each other 
(about the x-axis). Both of the transmitting and receiving fibres are axially-aligned 
and embedded within Part A at a fixed distance z from each other. This is in contrast 
to the force sensor which has the fibres axially-aligned but modulates the intensity by 
moving the fibre towards or away from each other. The torque sensor modulates the 
light intensity by rotating a linear polarizer in the path of light beam. Linear polarisers 
commonly consist of long chains of aligned crystalline material embedded within a 
plastic sheet. Light that is oriented parallel to the crystalline chains passes through the 
slits unattenuated while all other orientations are attenuated with maximum 
attenuation occurring at angles perpendicular to the crystalline chains [145]. Figure 3-
11 shows two polarisers whose polarization axes are oriented at angles of 0°, 45° and 
90° corresponding to full, half and zero intensity respectively. The first polarizer is 
fixed at zero degrees to produce the linearly polarized light while the second 
polarizer, also referred to as the analyzer, can rotate freely in the polarized light. 
Applications of linear polarisers include glare reduction [150] and 
investigation of liquid crystals and metametarials [151], [153]. In order to 
mathematically model the torque sensor consider a beam, fixed at one end and 
subjected to a torque on the other end as shown in Figure 3-13. The torque required to 




     (3-18) 
 
where G is the shear modulus of the material, L is the length of the twisting beam, J is 
the torsional stiffness of the structure, θr is the angle of twist in radians and T is the 
required torque. 











Figure 3-13. Illustration of the twisting of a beam from an applied torque. 
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The torsional stiffness of a structure is an indication of the torque required to 
twist a structure. The torsional stiffness of a structure depends on structure’s shape 
and dimensions. Generally, for a rectangular structure with cross-sectional dimensions 


























  (m4).  (3-19) 
 
One of the design requirements of sensor is the simultaneous measurement of both the 
applied force and torque, i.e. the DOF should be decoupled. To achieve this result 
Strip K is oriented perpendicularly (vertical) to the orientation of Strip J (horizontal) 
thereby presenting the thin edge of the strip to the vertical (Fz) force. From equation 
(3-2), the vertical orientation decreases the possibility of bending when a vertical 
force, Fz is applied to the sensor. For example, if b is 5 units and h is 2 units in 
equation (3-2) then the second moment of inertia is over six times larger if the values 
are reversed. 
 The light passing through two consecutive linear polarizers is defined by  
 
)(cos)( 20 θηθ II p=  (cd)   (3-20) 
 
where I0 is the maximum light intensity incident on the polarizer, θ is the angle of 
rotation, ηp is the efficiency of polarizer to transmit light and I(θ) is the intensity of 
the transmitted light. One other feature of linear polarizers is that the output intensity 
is not affected by linear translations only rotations. This feature also helps decouple 
the force and torque sensors. Plotting equation (3-20) produces a sigmoid curve as 
shown in Figure 3-14. One of the features of the sigmoid function is that it has a linear 
region around the midpoint of the curve. This is advantageous for three reasons: 
firstly the midpoint, at 45° of rotation, represents half of the intensity and is a 
convenient position for the starting configuration of the device. Secondly, the linear 
response simplifies the conversion between rotated angle and intensity. Thirdly, the 
direction of the rotation can be easily determined by the magnitude of the response 
with respect to the starting position. 
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 The torque sensor transmitting and receiving fibres are both embedded in Part 
























 (W)  (3-21) 
 
where I(θ) is the intensity of the transmitted polarized light and P(θ) is the optical 
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where Kp is the intrinsic amplification factor of the phototransistor, Sk is the relative 
spectral sensitivity of the phototransistor, R is the sensing resistor and VR is the 



































  (V/K). (3-25) 
Equation (3-24) is linear for rotations between 25 ° - 65 ° (45 ± 20 °) about the 
midpoint. 









Figure 3-15. The general principles of linearly polarized light. (a) Unpolarized light 
is first polarized by passing through a fixed linear polarizer then intensity modulated 
by an analyzer polarizer. (b) The response curve of transmitted linearly polarized 
light. 
 




The equation for the linear response can be written in the form 
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 (V)  (3-26) 
 
where c is the gradient of the line, V1 is the voltage at the midpoint and VR(θr) is the 
voltage at angle θr (in radians). Substituting (3-26) into (3-18) for θr gives 
 
( )[ ]1VVLc
JGT rR −= θ
 (Nm)   (3-27) 
 
Note that in (3-26) and (3-27) the angle has been expressed in radians. Equations (3-
14) and (3-27) therefore present models of the force and torque sensors respectively. 
Both equations were developed based on small deviations from the initial unloaded 
position. For equation 3-14 the typical working range is between ± 1 mm from the 
unloaded position while for equation 3-27 the typical working range is between 45 ± 






3.5 Sensor Simulation 
 Section 3.3 and Section 3.4 developed mathematical models of the sensor 
based on the sensor’s sensing structure and light intensity modulation techniques. The 
models provided a correlation between the photodetector voltage and the applied 
force and torque. This section presents a Finite Element Model (FEM) simulation of 
the operation of the structure of the sensor to obtain both qualitative data (such as do 
the flexures deflect as predicted) and quantitative data (such as what is the safe 
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working range of the sensor). The sensor was drawn and simulated using Autodesk 
Inventor Professional 2013 [154]. This program only simulates the deformation of the 
sensor’s structure when forces are applied to the contact plate. The light intensity 
modelling of the aligned optical fibres and the linear polarisers can not be simulated 
with that particular software package hence a model combining both areas (structure 
and light intensity) was developed to compare theoretical output of the model with the 
experimental output of the sensor when subjected to applied forces. Although only the 
mechanical structure can be simulated with the program it does allow for two 
important design properties to be examined before the sensor is fully integrated into a 
dexterous fingertip. The first aim is to examine the deviation of the nitinol flexures 
since the pieces used were sample material so the flexure response is not documented. 
In addition, the Young’s Modulus of the material is not exactly given by the 
manufacturer due to confidentiality reasons. The second aim of the simulations is to 
investigate the safe working range and the maximum working limit before applying 
large forces to the sensor. Note that the model assumes a constant gradient response 
for linear displacements of ± 1 mm from the default position therefore knowing the 
range of forces to maintain the displacement in this range is important. The 
parameters for the simulation are given in Table 3.1. 
 Figure 3-16 shows the simulation results of a 5 N force applied to the centre of 
the sensor to produce a purely linear (z-axis) displacement. The colour bar on the left 
of the diagram shows the displacement of each portion of the sensor. From the 
simulation results the nitinol flexures deflected inward producing a displacement of 
approximately 0.67 mm for Part C for the 5 N applied force while exhibiting 
negligible twisting. This is within the working range of the model of ± 1 mm. Note 
also that both horizontal nitinol strips (Strip J) curved gently and uniformly along 
their lengths indicating the structure is balanced. The maximum simulated force was 7 
N before the sensor started to fail (due to breaking) and approach the limit of 
displacement of the model (± 1 mm). Figure 3-16b also shows the vertical Strip K 
which is designed to resist bending under maximum vertical (Fz) force. Note that this 
strip does not experience any bending (no colour change) hence changing the 
orientation and thereby the second moment of inertia (equation 3-2) of the strip can 
determine which flexures deform under difference forces. Given the values in Table 
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3.1 the vertical nitinol strip in the torque sensor had over twelve times more resistant 
to bending when a linear force (Fz) was applied to the sensor. 
 Figure 3-17 shows the simulated results for a 1 N force applied at the edge of 
the sensor to produce a purely rotational (x-axis) movement. The colour bar on the 
left of the diagrams shows the displacement of each portion of the sensor under load. 
Note that in Figure 3-17a the nitinol Strip J is pratically straight which indicates that 
the force and torque sections of the sensor are generally decoupled so the force and 
torque outputs can be separated. The simulations results showed that the 4.5 mNm 
torque produced a twist of approximately 20 ° which is within the linear range of the 
linear polarisers. The maximum applied torque was simulated to be 5 mNm to remain 







Symbol Parameter Value 
E Young’s Modulus of Elasticity 5.5 GPa 
ν Poisson’s Ratio 0.33 
G Shear Modulus 
)1(2 ν+=
EG  = 2.068 GPa 
D Sensor Diameter 9 × 10-3 m 
H Sensor Height 10 × 10-3 m 
a Strip Width 0.7 × 10-3 m 
b Strip thickness 0.2 × 10-3 m 
L1 Length of Strip J 8 × 10-3 m 
L2 Length of Strip K 2 × 10-3 m 
J Torsional Stiffness 1.53 × 10-15 (from eqn 3-19) 








Figure 3-16. Simulation of a vertical force applied to the centre of the sensor. (a) 
The displacement of the contact plate under a 5 N vertical force. Note that the nitinol 
flexures flex inward as required. (b) The vertical Strip K is oriented to resist bending 
under vertical forces hence there is no colour change with the maximum applied force 
of 7 N.   





Figure 3-17. Simulation of a torque on the sensor. (a) Side view of a 1 N forces 
being applied to the edge of a sensor. (b) Twisting of Strip K with the applied torque. 
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3.6 Chapter Summary 
 This chapter focused on developing a mathematical model of the proposed 2-
DOF sensor in order to predict the expected response of the sensor to applied forces. 
The 2-DOF sensor used two sensing principles to measure the applied force (Fz) and 
torque (Mx): 
 
1) Modulating the intensity by varying the displacement between axially-
aligned optical fibres (Section 3.3). 
2) Modulating the intensity by rotating a linear polarizer in the path of 
linearly polarized light (Section 3.4). 
 
The two methods necessitated the use of two separate equations to model the 
behaviour of the 2-DOF sensor. For the first method equation (3-11) expressed the 
fibre separation distance, z as a change in phototransistor voltage, V. The graph of 
this function (Figure 3-9) is generally nonlinear, however for small displacements 
about the initial (undeflected) position the graph can be considered piecewise linear in 
that region and obeys Hooke’s Law (equation (3-3)). With these assumptions equation 
(3-14) establishes a linear relationship between the applied force and the 
photodetector voltage provided the displacement around the initial position is small. 
Simulations of the force sensor (Section 3-5) indicated that the sensing structure did 
flex as designed and it had a predicted maximum applied force of 5 N before damage 
occurred. 
The torque sensing component of the sensor was designed to be decoupled from 
the force sensor so that both the force and torque can be measured simultaneously. 
Two techniques were used to achieve this result. The first technique was to orient the 
nitinol strip so that its thin edge was presented to the applied Fz force. This change 
resulted in the strip being twelve times stiffer under vertical (z-axis) forces than a 
horizontal strip (e.g Nitinol Strip J in Figure 3-4). The second technique was to use 
linear polarizers to measure the angle of twisting. The linear polarizers have very 
attractive features that can be applied to sensing applications including: 
 
 It is a commercial product so it can be easily purchased. 
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 The transmitted intensity is mathematically defined by equation (3-20). 
 The output intensity is dependent only on the angle of rotation thereby 
making the output invariant under translations (refer to equation (3-20)). 
 The intensity is half of the maximum intensity at 45 ° of rotation (see 
Figure 3-15). 
 
Equation (3-24) establishes a linear relationship between the angle of twist and the 
photodetector voltage provided the angle of twist is between 25 ° – 65 °. The 
measured torque can then be determined from equation (3-27) establishing a linear 
relationship between the photodetector voltage and applied torque provided the angle 
of twist is between 25 ° – 65 °. Simulations of the torque sensor (Section 3.5) 
indicated that the maximum applied torque of 20mNm is within the required range. 
Chapter 4 presents experiments where the 2-DOF is integrated into the fingertip of a 
dexterous manipulator and grasping experiments conducted in order to compare the 
theoretical and practical results. 
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4.1 Introduction 
 Chapter 3 presented mathematical models of the 2-DOF sensor that described 
its operation as well as simulations to estimate the limits of the 2-DOF design. This 
chapter presents the results of experiments conducted with the 2-DOF sensor and 
compares and contrasts the actual results with the theoretical projections. The sensor 
was first calibrated using a commercial force/torque sensor in order to compare the 
actual and theoretical values. The 2-DOF sensor was then integrated into the fingertip 
of a Barrett Hand dexterous manipulator and grasping of different objects conducted 
in order to evaluate the sensor’s response to an object’s shape, rigidity and curvature. 
The following sections present the experiments conducted and discussions of those 




4.2 Sensor Calibration Experiments 
 A number of experiments were conducted on the 2-DOF sensor to investigate 
such features as temperature variations on the sensor readings, the sensor’s response 
to flat, curved and deformable objects and the sensor’s hysteresis. The following 




4.2.1 Temperature Sensitivity Experiment 
 Section 2.2.4 presented common optical modulation techniques for force 
sensors. One of the common techniques is FBGs which offer high sensitivity and 
accuracy but is adversely affected by temperature fluctuations. The temperature 
sensitivity experiment investigates how variations in temperature affect the sensor’s 
readings, specifically if the photodetector’s voltages are significantly and adversely 
affected by temperature fluctuations. The sensor was baked in a GENLAB General 
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Purpose oven (Model: OV/50/DIG) [157] and the torque sensor photodetector voltage 
measured at seven intervals between 24 °C (297.15 K) to 44 °C (317.15 K). The 
maximum temperature was limited to 44 °C to prevent the ABS plastic from 
plasticizing and causing the fibres to shift out of alignment. The torque sensor was 
used because the maximum voltage was small enough to use with the most sensitive 
setting of the voltmeter. The results of the test are shown in Figure 4-1 where the 
photodetector voltage increases linearly with increasing temperature. The maximum 
voltage change over the temperature range was approximately 1.5 mV. The data 
acquisition circuit uses a 10-bit A/D converter and a 5 V supply giving a voltage 
resolution of 4.88 mV which is above the voltage change for the temperature range. 
For a 12-bit A/D converter the resolution is 1.22 mV which is about the same as the 
voltage change and within the error range of the A/D converter (± 1 bit) therefore 
small temperature fluctuates do not adversely affect the sensor output. 
 
 
4.2.2 Sensor Calibration 
 The sensor must first be calibrated so that the voltage output can be correlated 
to a known force. Section 3.3 and Section 3.4 developed equations that 
mathematically describe the force and torque components of the sensor however these 
equations and the values in Table 3.1 can also be used to theoretically calibrate the 
sensor. The photodetector voltage can be expressed as a function of displacement, z 
for the force sensor. Assuming small deviations about the initial position then 

















 (m)   (4-1) 
 
The distance between the transmitter and receiving fibres is then given by equation 3-
7 and the change in beam waist as a function of distance, z is given by equation 3-6. 
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Figure 4-1. The results from the temperature sensitivity test show that the change 
in voltage with temperature change is generally constant. 
 
 
The photodetector voltage can also be expressed as a function of the applied 
torque. The torque due to twisting a material by an angle of θr (radians) is given by 
equation 3-18. For consecutive linear polarisers the amplitude of the intensity-
modulated light depends on the angle between the polarization axes of the two linear 
polarisers (equation 3-20). For the angle θr (in degrees) the corresponding output 
voltage is given by equation 3-24. Therefore for an applied torque the corresponding 
output voltage can be given by the model. The theoretical calibration curves for 2-
DOF sensor are shown in Figure 4-2 and Figure 4-3. The MATLAB code for the 
calibration curves is given in Appendix F. 
The physical calibration of the 2-DOF sensor was performed using a 
commercial 6-DOF force/torque sensor (ATI, Mini40) and a 6-DOF robotic arm 
(Mitsubishi, MELFA RV-6SL) as shown in Figure 4-4. The force sensor component 
was calibrated by loading and unloading the middle of the sensor in steps of 0.1 mm, 
up to a limit of 0.8 mm and recording the force required for each displacement step. 
Table 4.1 shows the values of the parameters used in the theoretical model. 
 
 





Symbol Parameter Value 
R Photodetector Resistor 4.7 × 106 Ω 
Sk Relative Spectral Sensitivity 0.6 
Kp Photodetector Amplification Factor 7.4 
d Fibre diameter 0.25 × 10-3 m 
w0 Beam waist 0.42 × d = 0.105 × 10-3 m 
M2 Beam Quality 73 
λ Light wavelength 660 nm (red) 
E Young’s Modulus of Elasticity 5.5 GPa 
I0 Light Intensity 600 mcd 
D Sensor Diameter 9 × 10-3 m 
H Sensor Height 10 × 10-3 m 
a Strip Width 0.7 × 10-3 m 
b Strip thickness 0.2 × 10-3 m 
L1 Length of Strip J 8 × 10-3 m 
L2 Length of Strip K 2 × 10-3 m 
J Torsional Stiffness 1.53 × 10-15 (from eqn 3-19) 
ηp Polarizer transmission efficiency 0.22 
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Figure 4-5a shows the output photodetector voltage with applied displacement where 
the diamonds (red) denote the loading points and the squares (blue) denote the 
unloading points for the nitinol strips. The loading and unloading curves are identical 











   (4-2) 
 
 
where Fload(i) is the loading force at point i, Funload(i) is the unloading force at point i 
and Fscale is the measurable range. The typical hysteresis was approximate 1% with a 
maximum hysteresis value of 5%. In addition, the loading and unloading curves are 
linear which is consistent with the assumption that small displacements obey Hooke’s 
Law for equation (3-3). Figure 4-5b shows the comparison between the actual and 
theoretical photodetector voltage for the applied force. Note that the hysteresis is also 
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very low (about 2%) and the theoretical and actual curves are identical. This indicates 
that the output of the force model (equation (3-14)) is indeed correct. The maximum 
force was limited to 2.66 N to prevent damage to the sensor and the senor’s resolution 
was 11 mN given the A/D voltage resolution was 4.88 mV. 
 The torque component of the sensor was calibrated by applying forces along 
the length of the fingertip at 2 mm intervals, up to a limit of 10 mm and recording the 
applied force, torque and voltage readings at individual contact points. A protractor 
was also used to measure the angle of twist of the linear polarizer elements. Figure 4-
6a shows the output of the linear polarizer when the force component of the sensor 
was being calibrated. In this case the hysteresis is also low however the shape of the 
curve is not constant as expected. Recall from Section 3.6 that one of the features of 
the linear polarizer is that the intensity of the transmitted light is invariant under 
translations so the output voltage should be constant. There are two possible reasons 
for this discrepancy. Firstly, the orientation for the polarizer may not be centred at the 
45 ° midpoint as desired resulting in the shift of the response to the curved portion of 
the polarizer graph. Secondly, the applied calibration force is not centred exactly at 
the centre of the sensor resulting in a combination of linear force and torque during 
calibration. Figure 4-6b shows the comparison of the theoretical polarizer voltage and 
the actual polarizer photodetector voltage for the given angular displacement. Note 
that the shapes of the two curves are similar but the actual response is shifted to the 
right by approximately 22 ° which validates the first assumption about the shape of 
Figure 4-6a. Figure 4-7 shows the corrected graph of Figure 4-6b where the actual 
values were shifted to the left by 22 °. 
Figure 4-8 illustrates the effect of applying a centred and an off-centred force 
on the sensor. A force, F applied to the centre of sensor produces a linear 
displacement, δz and a linear force, Fv. Figure 4-9 (blue dots) shows the response of 
the sensor to a purely linear force. If the force, F is applied at a point P, distance x 















Figure 4-5. Calibration graphs for the force component of the 2-DOF sensor. (a) 
The loading and unloading characteristics of the sensor. (b) Comparison of the actual 
and theoretical photodetector voltage for the sensor. 
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(a) 
        
(b) 
Figure 4-6. Calibration graphs for the torque component of the 2-DOF sensor. (a) 
The loading and unloading characteristics of linear polarizer voltage when the force 
component of the sensor was being calibrated with a vertical force. (b) The output of 
the linear polarizer as a function of the angle of twist during the torque calibration 
procedure. 
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Figure 4-7. The graph of the corrected output of the polarizer voltage. 
 
 
 Assuming that no slippage occurs and the contact point itself does not deform 
then the applied force produces both normal, FB and tangential forces, FA on the 
surface of the sensor. The torque produced by the off-centred force is balanced by the 
torque from the twisting nitinol strip and the angle of twist, θ can be measured by the 
linear polarizer. Parameter, f is the frictional force from the contact surface. The 
component of the applied force, F that causes linear displacement, δz is given by 
 
θ2cosFFv =     (4-3) 
 
the tangential force is given by 
θsinFFA =      (4-4) 
 
and the maximum angle before slipping occurs is given by 
 
)(tan 1 µθ −=s      (4-5) 
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where F is the applied force, θ is the angle of twist, µ is the coefficient of friction, θs 
is the maximum angle before slipping occurs, FA is the tangential force and Fv is the 
linear force measured by the sensor. Figure 4-9 (green triangles) shows the corrected 
force curve when the twisting angle is taken into account in the force calculations. 
Note that for small angular displacements both graphs are identical but as the applied 
force moves away from the centre the corrected curve reaches a limiting angle at 
which slipping occurs. Therefore if the grasped object’s contact point is near then 
sensor’s centre then the correction is not required. 
 Figure 4-10 shows the calibration of the torque sensor. The actual torque 
values are shown as blue diamonds while the theoretical torque is shown as the solid 
green line. Note that there is some dissimilarity between these two curves which is 
mainly due to construction inaccuracies. The effect of the construction inaccuracies 
can be investigated by considering equation (3-18). Taking the partial derivative of 
equation (3-18) with respect to both θr and L gives 
 
 
Figure 4-8. Illustration of the sensor experiencing a combination of both torque 
and linear force. 




Figure 4-9. The comparison of the sensor experiencing a purely linear force and a 




Figure 4-10. The graph of the calibration curve for the torque sensor with corrected 
values. 
 






























   (4-7) 
 
respectively. Parameters G and J are constants while the twisting length, L and angle, 




















.     (4-9) 
 
Equation (4-6) shows that the sensitivity of torque with respect to θ is linear while 
equation (4-7) shows that the sensitivity of torque with respect to L is nonlinear and 
inversely proportional to the square of the twistable length. This indicates that the 
torque is more sensitive to the length of the twisting material than the angle so this 
parameter should be investigate first as the main cause of any torque inaccuracies. 
Careful inspection of the sensor indicated that the epoxy used to bond the sensor’s 
components had reduced the twistable length from 2 mm to 1 mm. This had the effect 
of increasing the torque required to twist the sensor by an angle, θ. Figure 4-8 shows 
the final corrected torque curves (red dashed line and blue dots) were the measured 
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4.3 Sensor Grasping Experiments 
 The main aim of the experiments conducted in this section was to investigate 
the response of the 2-DOF sensor to a number of objects that a robot might interact 
with and utilize in a human environment. If the robot can identify certain affordances 
of an object by touch alone then it can optimize grasping forces to minimize power 
consumption, execution time or some other performance metric. Three general 
purpose objects were chosen for these experiments: a power adapter (a flat, rigid 
object), a partially-filled plastic bottle (a deformable object) and a paper punch (rigid 
and curved object). Each object was grasped by a dexterous manipulator embedded 
with first the 2-DOF sensor and then the Nano17. The dexterous manipulator used 
throughout these experiments was the Barrett Hand by Barrett Technology Inc which 
is a three-fingered, 4-DOF dexterous manipulator. Two features of the Barrett Hand 
which must be taken into account when using the manipulator are that the S1 and S2 
sections of the fingers are fixed at 45 ° to each other and there is only one motor per 
finger. These two features limit the dexterity of the manipulator and can introduce 
unwanted movements when grasping objects. Figure 4-11 shows the Barrett Hand 
grasping a block in its palm. If the fingers are incrementally closed then the block 
experiences a shear force instead of a purely vertical force. This behaviour should be 
observed and corrected in the grasping experiments. 
 
 
Figure 4-11. Illustration of one of the fingers of the Barrett Hand. Fingers S1 and S2 
are fixed at 45 ° to each other resulting in lateral movement of any gripped object 
when performing a grasping operation. 





4.3.1 Hard, Rigid Object Experiment 
 The first experiment conducted was to grasp a flat rectangular power adapter 
and apply forces to one side to investigate the response of the sensor to a hard, flat 
surface. The sensor was integrated into the F1 finger of the Barrett Hand and the 
adapter was held rigidly in the palm of the Barrett Hand by the F2 and F3 fingers (see 
Figure 4-12 and Figure 4-13). The results from the grasping experiment are shown in 
Figure 4-14. Each graph is divided into two sections: Section A which is the initial 
loading phase and Section B which is the steady-contact phase. The initial loading 
phase corresponds to the period where contact is made between the object and the 
fingertip but full/stable grasping force has not yet been reached. The steady-contact 
phase corresponds to the period where a stable grasp has been achieved so that the 
object is rigidly held by the Barrett Hand. The point of stable grasp is indicated by the 
vertical line at 600 seconds in Figure 4-14. The time before 300 seconds also shows 
the sensor output when the grasp was tested for stability. Notice that in Section B the 
contact response has a small gradient. This is caused by the Barrett Hand producing 
the shear force as highlighted in Section 4.3 and Figure 4-11. Also note in this section 
that there is a decline in the force and torque responses due to a limitation of the 
Barrett Hand that disables the drive mechanism if too much force is applied when 
grasping an object. 
Figure 4-14b represents the change in the angle of the contact plate when 
grasping the power adapter. Equation 3-20 gives the intensity of emitted light after 
passing through two consecutive linear polarisers. The intensity of the light can be 
converted into a voltage by equation 3-24 to give 
 
)(cos)( 20 θθ VV =  (V)    (4-10) 
 
where V0 is the maximum voltage across the sensing resistor, V(θ) is the output 
voltage corresponding to the angle of rotation of the rotating polariser and θ is the 
angle of rotation of the rotating polariser. Recall from Section 3.4 that the torque 
sensor uses two parallel linear polarisers, one fixed and the other rotatable. 









The rotatable polariser is fixed to the contact plate so as it rotates the polarization 
angle relative to the fixed polariser changes which therefore modulates the light 






.    (4-11) 
 
Therefore as different sections of the contact plate make contact with the adapter the 










Figure 4-13. An Illustration of the 2-DOF sensor twisting on contact with an object. 
(a) The pre-contact orientation where the fixed and rotating polarization axes are 
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Figure 4-14. Graphs of the response of the 2-DOF sensor to contact with a rigid, flat 
surface. (a) The response of the force component of the sensor. (b) The change in 
polarizer orientation as the grasping force is being applied. (c) The torque experienced 
by the sensor. 
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Figure 4-15. Photo the Barrett Hand with integrated Nano17 force/torque sensor 




Figure 4-15 shows the grasping experiment repeated using a Nano17 
force/torque sensor instead of the 2-DOF sensor. The Nano17 was integrated into the 
F3 fingertip since this was the only fingertip that could provide effective contact with 
the power adapter. Another change from the previous experiment was that power 
adapter was fixed to the F1 and F2 fingers instead of the palm to enable the Nano17 to 
make contact with the power adapter. Figure 4-16 shows the response of the Nano17 
to the power adapter. Section A1 shows the force and torque of the initial contact 
while B1 shows the response after full contact had been made. 
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Figure 4-16. The response of the Nano17 when it was integrated into the Fingertip 
of the Barrett Hand in place of the 2-DOF sensor. (a) The measured force on the 






CHAPTER 4 – TESTING AND EVALUATION OF THE 2-DOF SENSOR 
 119
4.3.2 Deformable Object Experiment 
 The next experiment conducted was to grasp a deformable object in order to 
investigate the response of the 2-DOF sensor to situations where the grasped object 
may unexpectedly change shape. The deformable object used in this experiment was a 
partially filled (approximately a third full) bottle of cleaning gel which was firmly 
held in the palm of the Barrett Hand by the F2 and F3 fingers (see Figure 4-17). The 
F1 finger then applied increasing grasping forces until the bottle deformed. Figure 4-
18 shows the results of these experiments where each graph is divided into two 
general sections, A and B that define the initial and stable grasps. The incremental 
increases in grasping force are clearly seen in Section A2 and show how the force 
changes between incremental increases in force. In this case the force is not constant 
during incremental increases but decreases slightly between forces increments. Note 
also that the gradient of the slope is not constant during force increments but 
decreases to zero as the force approaches the limit for the bottle material. During this 
phase of the grasp the torque and polarizer angle are constant indicating no change in 
the surface of the bottle. The force increments continued until the bottle just deformed 
which was indicated by the change in polarizer angle and torque. Section B2 shows 
the response of the sensor after the bottle had deformed showing the force decreasing 
with further closing grasps. 
 The grasping experiment was also repeated using a Nano17 force/torque 
sensor to compare the results with the output of the 2-DOF sensor. The Nano17 was 
attached to the F3 finger since the size of the sensor prohibited it from being installed 
on the other fingers (see Figure 4-19). Figure 4-20 shows the response of the Nano17 
when it is in contact with the partially filled plastic bottle. The curve is initially linear 
but starts to deviate from the straight line after the bottle begins to deform. Note also 
that the torque reading remains constant even after the bottle has deformed which is in 













Figure 4-17. Photo of the Barrett Hand grasping a partially filled plastic bottle 
(deformable object). 
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Figure 4-18. Results of the response of the 2-DOF sensor when in contact with a 
deformable object. (a) Response of the force component of the sensor. (b) The change 











Figure 4-19. Photo of the Barrett Hand and Nano17 force/torque sensor as it applies 
force to a partially-filled plastic bottle. 
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Figure 4-20. The response of the Nano17 when used to grasp the partially filled 
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4.3.3 Rigid, Curved Object Experiment 
 The final experiment conducted was to investigate the response of the 2-DOF 
sensor to forces not aligned to any of its sensing axes. This experiment used a curved 
paper punch because it had curves along all axes which made it easier to grasp with 
the Barrett Hand. The paper punch was held firmly in the palm of the Barrett Hand by 
the F2 and F3 fingers and grasping forces applied with the F1 finger as shown in 
Figure 4-21. The results of the grasping experiment are shown in Figure 4-22. The 
force response decreased with increased grasping in both sections of the graph in 
Figure 4-22a. This response is unlike the previous experiments where the force 
reading increased with incremental movements. The reason for change is because the 
2-DOF now experienced a torque about the y-axis (My) which it was not designed to 
measure. The result is that the axially-aligned optical fibres are no longer aligned 
thereby reducing the received light and photodetector voltage (see Figure 3-2 and 
Section 3.3). Figure 4-22b shows the sensor being twisted outside of its normal 
working workspace. The torque response however was unaffected by the undesired 
twisting since the change in curvature of the paper punch is approximately 40°.  
 The experiment was also repeated using the Nano17 sensor attached to the F3 
finger as shown in Figure 4-23 and the results are shown in Figure 4-24. Generally, 
the results of this experiment are similar to the results from the power adapter even 
though there is curvature in the shape of the object. More about these results will be 
discussed in the following section. 
 
 
  (a)       (b) 
Figure 4-21. (a) Photo of the rigid and curved paper punch. (b) The 2-DOF sensor 
fingertip in contact with the paper punch. The deviation of the sensor is highlighted. 




Figure 4-22. Response of the 2-DOF to contact with a curved, rigid object. (a) The 
force response of the sensor. (b) The change in orientation during grasping. (c) The 
change in torque during grasping. 
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Figure 4-24. Response of the Nano17 to incremental contact with the curved paper 
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4.4 Discussion and Conclusion 
 This section discusses the experimental results presented in Section 4.3 and 
looks at the performance of the 2-DOF sensor compared to the Nano17 when 
conducting grasping experiments with the Barrett Hand. Due to the size of the 
Nano17 both sensors could not be fitted to the Barrett Hand on the same finger and at 
the same time so the magnitude of the results were different but the general trend was 
consistent for each sensor. The first experiment conducted was grasping the power 
adapter which was a hard (non-deformable) and rigid (unmoving) object. For such an 
object the force and torque should be constant or the rate of increase should be linear 
with increasing applied force. The purpose of this experiment was to verify that the 2-
DOF sensor followed this trend and worked as expected. Figure 4-14 and Figure 4-16 
showed the results of the 2-DOF sensor and the Nano17 respectively. The Nano17 
response is constant as expected producing a linear response with increasing applied 
force and torque (section B1). The 2-DOF sensor also produced a linear response 
curve but reached a peak force of 2.5 N before falling to 2.4 N. This occurred because 
the Barrett Hand contains a limiting device that disables the drive mechanism if 
damage may occur. Also note the configurations of the 2-DOF sensor in Figure 4-12 
and the Nano17 in Figure 4-15. The Barrett Hand cannot provide more force to the 2-
DOF sensor than 2.5 N because of the limitations highlighted in Section 4.3 and 
Figure 4-11. In contrast the Nano17 attached to the F3 finger has more freedom and 
hence greater capacity to exert more force on the power adapter. This also explains 
why the Nano17 experienced a higher than expected torque (Figure 4-14c vs Figure 4-
16b) since the closing force from the Barrett Hand causes the Nano17 to slip upward 
along the flat side of the power adapter. The 2-DOF sensor would not have contacted 
the power adapter if it was placed on the F3 finger. 
 Unlike the Nano17 the 2-DOF has a flexible structure that allows it to twist 
when subjected to a torque providing not only the applied torque but also the 
orientation of the surface under contact. The torque results from the 2-DOF sensor 
indicate that the sensor experiences very little change in torque (approximately 0.2 
mNm) which is consistent with a flat surface as expected. The small change in torque 
also corresponds to a small change in contact angle. This is also consistent with the 
Barrett Hand because it produced a small shear force when contacting objects in the 
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palm of its hand as shown in Figure 4-11. The angle detection property of the 2-DOF 
sensor is therefore a novel and informative property of the sensor since it provides 
information that can not be easily obtained from rigid devices such as the Nano17. 
 The next experiment conducted was to grasp a partially-filled plastic bottle 
and apply incremental forces until it deformed. Unlike the previous experiment with 
the hard power adapter the deformable plastic bottle presents an interesting grasping 
object because it is initially a hard object until the structural limit of the material has 
been reached then it has a lower stiffness if further manipulated. Figure 4-18 and 
Figure 4-20 present the results for the 2-DOF sensor and the Nano17 respectively. 
The force on the Nano17 is initially linear up to a time of 48 seconds then it starts to 
deviate from the linear curve. In contrast the torque experienced by the Nano17 
remains linear as more force is applied to the plastic bottle. The Nano17 force and 
torque results indicate that the point at which the bottle deforms can be determined 
from the force graph but information about the local deformation is not available. 
Local deformation information is important because it may indicate damage to the 
object or features that can be used to improve grasp stability or dexterity. The 2-DOF 
sensor force results are similar to the Nano17’s force results except there was a longer 
pause between force increments. During each pause there was a slight reduction in 
measure force resulting in a gradient instead of a flat line as expected for a constant 
force. The gradient also appeared to approach zero (constant) as the force was 
incremented. This result can be attributed to the pressure inside of the bottle 
increasing with increased grasping force. 
 Another observation in the 2-DOF results is that there is a variation in the 
polarizer angle and torque just before the material deforms which is not present in the 
Nano17 results. The maximum change in orientation also corresponded to the 
maximum change in force. The linear polarizer therefore provides information on the 
local deformation of the bottle which is unavailable from only force data. 
 The final experiment involved grasping a hard, curved paper punch to 
investigate the response of the 2-DOF sensor to torques in the x- and y-axes 
simultaneously (see Figure 4-21). The force from the Nano17 is shown in Figure 4-24 
and gives similar results to the power adapter experiment. The 2-DOF sensor results 
however are different from the power adapter, especially for the force value as shown 
in Figure 4-22. In this case the force values decrease with incremental increases in 
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grasping force. This occurs because the optical fibres for the force sensor are moving 
out of axial alignment with each other resulting in less light being coupled to the 
receiver (see Section 3.3 for further details). This disadvantage is caused by the 
limited number of degrees of freedom of the sensor thereby limiting the application of 
the sensor to all objects. The advantage of the misalignment is that the manipulator 
can easily determine if it had grasped an object in a position that will affect the sensor 
data or if it is in contact with a 2-dimensional curved object. In contrast to the force 
data the torque data is unaffected by the misalignment since it continues to provide 
accurate angle and torque readings. The paper punch has a change in curvature of 
approximately 40 ° which is consistent with the change in angle for the torque sensor. 
This indicates that the linear polarizers are unaffected by small deviations 
perpendicular to the polarization axis of the polarizer. 
 The results presented for the grasping experiments showed that the 2-DOF 
sensor performed as designed but can be improved. The main advantages of the 
sensor were its ability to identify the local deformation of an area due to the operation 
of the linear polarisers modulating the transmitted light intensity when the contact 
area changed. The other advantage was that the torque sensor was not affected by 
small misalignments of sensor. The main disadvantage was that the force sensor did 
not provide accurate results when subjected to torques about the y-axis of the sensor. 
Improvements to the sensing structure are therefore necessary to improve the sensor’s 
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4.5 Chapter Summary 
 This chapter presented the results of testing and calibrating the 2-DOF sensor 
and the results of three grasping experiments aimed at testing the response of the 2-
DOF sensor to common objects that can be found in a human environment. The first 
test was a temperature test to determine if temperature fluctuations significantly 
affected the output of the sensor (Section 4.2.1). The results showed that small 
temperature fluctuations did not affect the sensor output. The sensor was then 
calibrated using a Mini40 force/torque sensor and a 6-DOF robotic arm (Section 
4.2.2). The calibration tests showed that the sensor had low hysteresis (typically 2%) 
and the length of the twisting strip had the largest impact on torque sensitivity. The 
force resolution was 11 mN and a tested range of 0 – 2.66 N. The torque resolution 
was 0.15 mNm with a range of 15 mNm. 
 Three experiments were conducted to investigate the response of the sensor to 
contact with objects. The first experiment conducted was grasping a power adapter to 
test the sensor’s response to a hard, rigid object (Section 4.3.1). The result was that 
the applied force was linear with little deviation in read torque (see Figure 4-14). The 
second experiment conducted was to grasp a partially-filled plastic bottle to test the 
sensor’s response to a deformable object (Section 4.3.2). The result was that the 
sensor detected the local deformation of the object under test by the change in torque 
which was not detectable by the Nano17 sensor (see Figure 4-18). The final 
experiment conducted was to grasp a curved paper punch to investigate the sensor’s 
response to a hard, curved object (Section 4.3.3). The result was that the torque sensor 
detected the correct surface curvature (approximately 40°) however the force sensor 
had reduced values due to the optical fibres being misaligned resulting in reduced 
light being coupled between the optical fibres (see Figure 4-22). The 2-DOF sensor 
thus performed well for objects that are aligned to the sensing axes of the sensor but 
fails for other axes. Improvements to the sensing structure are therefore needed so that 
forces applied in all axes can be measured. Improvements to the sensor are discussed 
in the next chapter. 
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5.1 Introduction 
 Chapter 3 presented the design and development to of a 2-DOF force and 
torque sensor (Fz and Mx) based on light intensity modulation (LIM). The structure of 
the sensor is based on a 4-cross design with bonded nitinol flexures to provide a 
flexible and strong structure (Section 3.2). The sensor used two methods of LIM: the 
first method used axially-aligned optical fibres which modulated the light intensity by 
varying the separation distance between the transmitting and receiving fibres (Section 
3.3). The second method used linear polarizers which modulated the light by rotating 
a linear polarizer in the path of linearly polarized light (Section 3.4). Chapter 4 
presented three experiments to investigate the response of the developed sensor to 
grasping forces by a Barrett Hand dexterous manipulator. The first experiment 
investigated the sensor’s response to grasping a hard, flat object which was a power 
adapter (Section 4.3.1). The second experiment investigated the sensor’s response to a 
deformable object which was a partially-filled (sealed) plastic bottle (Section 4.3.2). 
The third experiment investigated the sensor’s response to a hard, curved object 
which was a paper punch (Section 4.3.3). The results showed that the 2-DOF sensor 
performed as expected producing a linear response for the hard objects (first and third 
experiments) and provided an indication of the point at which deformation occurs in 
the partially-filled plastic bottle (second experiment). The second experiment also 
showed that sensor can detect local deformation in the contact position as indicated by 
the change in the light intensity of the linear polarizer/torque component. The main 
disadvantage of the 2-DOF sensor was that large force errors occurred if the sensor 
contacted a 2-dimensional curved object (axial fibre misalignment) but the torque 
component (linear polariser fibre) was unaffected by the contact.  
This chapter presents an improved sensing structure that enables full 6-DOF sensing 
thereby eliminating the problems of axial fibre misalignment inherent with the 
previous 2-DOF sensor. The improved sensor uses only linear polarisers thereby 
simplifying the force and torque calculations since only one type of equation (linear 
polariser) is used instead of two (aligned fibre and linear polariser) in the 2-DOF 
sensor. The improved sensor also uses a novel approach to reduce output drift. Figure  
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Figure 5-1. Image of the 3-UPS 6-DOF force and torque sensor. 
 
5-1 shows an illustration of the 6-DOF sensor. The remainder of this chapter 





5.2 Sensor Overview 
 The improved sensor is a full 6-DOF sensor that can measure all applied 
forces and torques (Fx, Fy, Fz, Mx, My, Mz). One of the design improvements is that 
the 6-DOF sensing structure has been replaced with a parallel mechanism. Parallel 
mechanisms have high stiffness, high positional accuracy and they offer a redundancy 
in the event of a structural failure. Parallel mechanisms have been used in underwater 
exploration [162], medical applications [163]-[167] and force/torque sensing [168]-
[173]. One of the more common types of parallel mechanisms is the Stewart Platform 
CHAPTER 5 – DESIGN AND DEVELOPMENT OF A 6-DOF FORCE AND 
TORQUE   SENSOR 
 135
which is a 6-UPS mechanism consisting of two parallel plates connected by six 
prismatic legs, universal joints and spherical joints as shown in Figure 5-2. This 
mechanism has very good load balancing structures since the applied load is spread 
among the six legs. Two main problems arise if this mechanism is directly applied as 
a fingertip sensor for a dexterous manipulator. Firstly, the components must be 
minimized in order to fit within the fingertip of the manipulator. The problem with 
this approach is that the components can only be miniaturized to a certain limit before 
size and cost became an issue. Secondly, the universal and spherical joints need to be 
adequately lubricated to prevent friction impeding the operation of the joints. If the 
joints are too small then the joints may not be adequately lubricated. The solution to 
these problems is to use flexural joints which deform rather than move and they help 
reduce the size of the mechanism [172], [174]. 
 The developed 6-DOF sensor has a diameter of 16 mm, height of 15.50 mm 
and mass of 1 gram and uses the flexural joint approach to reduce the size of the 
fingertip sensor and also increase the sensor’s stiffness by bonding the flexures to the 
sensing structure. The number of prismatic legs has also been reduced from six to 
three to further reduce the sensor’s size without severely compromising the sensor’s 
loading bearing properties. The reduced mass of the sensor is very advantageous 
because heavy sensors at the fingertip of a dexterous manipulator can affect the 
dynamic properties of the dexterous manipulator.  
The sensor can be modelled as two flat, rigid plates connected by three legs 
each placed at 120° intervals around the plates [176]-[179]. Each leg is comprised of 
three main parts: 
 A 2-DOF universal joint located in the base of the sensor. 
 
 A 3-DOF spherical joint located in the top plate of the sensor. 
 
 A 1-DOF prismatic joint connecting the universal and spherical joints. 
 
Figure 5-3a illustrates the basic principle of an ideal universal joint which is 
comprised of two orthogonal arms in the same plane and with bearings to provide 
smooth rotation. This configuration gives the joint two degrees of rotational freedom 
(one about the x-axis and one about the y-axis). The 6-DOF sensor uses a modified 
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universal joint (see Figure 5-3b) where the arms remain orthogonal to each other but 
are not in the same plane since one arm is raised 0.65 mm above the other. This 
modification was necessary because the small size of the components prevented both 
arms from being embedded securely into the structure with the result that one arm 
would break away from the joint when subjected to load. Figure 5-3c shows the 
modified universal joint undergoing twisting. 
 An ideal spherical joint is shown in Figure 5-4a which is comprised of a ball-
and-socket which provides three rotational degrees of freedom. Unfortunately, 
problems arise when miniaturizing a ball-and-socket joint since all surfaces must 
remain smooth and there is also a problem with effectively lubricating the surfaces to 
reduce friction. There is also the requirement that the sensor be MR-compatible 
thereby limiting the types of materials that can be used in the sensor. A modified 
spherical joint is shown in Figure 5-4b which uses three pairs of revolute flexures to 
form the spherical joint. The spherical joint is based on the design by Zhang et al. 
[175] but modified so that the joint is flat to reduce its profile. 
 The final component is the prismatic joint which has a single linear degree of 
freedom and links the universal and spherical joints (see Figure 5-5a for the ideal 
case). The ideal prismatic joint was modified into a four-bar mechanism (see Figure 
5-5b) where the rigid links are connected by flexural rotational joints thereby limiting 
the mechanism to only linear movement as required. 
 
 
Figure 5-2. Illustration of a Stewart Platform. 
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Figure 5-3. Operation of a universal joint. (a) An ideal universal joint uses 
bearings to provide smooth rotation. (b) The modified universal joint using flexures 
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Figure 5-4. Illustrations of spherical joint configurations. (a) An ideal spherical 
joint comprised of a ball-and-socket combination. (b) The spherical joint used in the 
6-DOF sensor comprised of flexural joints instead of bearings. (c) A half-section of 
the spherical joint showing the interior components. (d) A view of the modified 
spherical joint in (b) showing the movement of the components. 
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Figure 5-5. A comparison of a typical prismatic joint and the modified prismatic 
joint. The arrows indicate the direction of travel. (a) A typical prismatic joint 
consisting of two axially-aligned cylinders moving along a common axis. (b) The 




Figure 5-6. An image of the bottom of the sensor showing the location of the 
reference fibre. 
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Figure 5-6 shows an image of the reference sensor at the bottom of the sensor 
which is used to provide a reference signal to properly calibrate the readings from the 
leg sensors. The sensor consists of a pair of linear polarisers, separated by 0.75 mm 
and oriented with parallel polarisation axes so that the maximum light is transmitted 
between the transmitting and receiving fibres. Since all of the transmitting fibres are 
connected to the same light source any change in light intensity is mirrored in all 
transmitting fibres. 
 Forces applied to the contact plate are balanced by restoring forces from the 
flexural joints. The force on each leg of the sensor depends on the position of the 
applied force. Linear polarizers are embedded within the revolute joints to provide the 
angle of twist for the flexures. Three pairs of optical fibre are embedded within each 
leg of the sensing structure: one pair in the prismatic link and two pairs in the 
universal joint. There is also an additional pair of fibres embedded within the base 
plate to provide a reference signal for the sensing data. The next section develops a 
mathematical model of the sensor based on the deformation of the sensing structure 
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Figure 5-7. Sectional views of one of the leg of the 6-DOF sensor. (a) One leg of 
the 6-DOF sensor and the local coordinate system. (b) Half-section of one of the legs 
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5.3 Sensor Modelling 
   
 The mathematical modelling of the sensor is divided into two sections: the 
sensor displacement and orientation model and the force and torque model. The first 
section develops a model for the movement and orientation of the contact plate with 
applied force. This is because unlike purely rigid force/torque sensors the proposed 6-
DOF sensor deforms under applied forces therefore the displacement and orientation 
of the contact plate changes depending on the applied force vector. The second 
section develops a model to determine the applied force and torque based on the 




5.3.1 Sensor Displacement and Orientation Model 
 
 This section develops a model of the movement of the contact plate with 
applied force. A number of constraints can be applied to the design to ensure correct 
modelling of the sensor and to simplify the calculations. These constraints are: 
 
1. All universal and spherical joints are spaced at 120 ° intervals around the base 
and contact plates. 
2. All universal joints lie in the same plane. 
3. All spherical joints lie in the same plane. 
 
Figure 5-8 shows a simplified model of the 6-DOF sensor that can considered for the 
purpose of this analysis as two flats, rigid surfaces connected by extensible legs. 
Consider a single leg as shown in Figure 5-9 where the contact plate (top) is translated 
horizontally while the base plate is fixed. Let RC and RB be the radius of the contact 
and base plates respectively. The displacement of the point Qi can be expressed as 
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      (5-2) 
 
where q is the displacement of the leg of the sensor, p is the distance between the 
centres of the contact and base plates, b is the position of the universal joint on the 
base plate, s
 
is the displacement of the leg, a is the position of the spherical joint on 
the contact plate and [T] is the transformation matrix to convert the coordinates on the 






.    (5-3) 
CHAPTER 5 – DESIGN AND DEVELOPMENT OF A 6-DOF FORCE AND 
TORQUE   SENSOR 
 144
 




Parameters b and a are at constants positions on the base and contact plates 
respectively and s is the displacement vector of the prismatic link. Figure 5-10 shows 
a simplified model of the prismatic link comprised of four equal arms of length, L. 
The magnitude of the distance between joints A and B can be calculated from the 
Cosine Rule to give 
 
γ2cos12 −= pLs
     (5-4) 
 
where γ is the angle between the arms of the link of the leg of the structure, Lp is the 
length of each arm and s is the magnitude of the extension of the prismatic link. The 
locations of the universal and spherical joints on each plane are fixed and equidistant 
from each other.  
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Figure 5-10. A simplified model of the prismatic link for the 3-UPS structure. 
 
 Figure 5-11 shows an illustration of the coordinate systems used in the sensor. 
The global coordinate system (X, Y, Z) is oriented to pass through one of the 
universal joints in the base plane to simplify the calculations. For the local coordinate 
system (x, y, z) the x-axis is defined as the axis parallel to the vector from the centre 
of the base plate and passing through the centre position of the base universal joint. 
The other axes are defined by the right-hand rule as shown in Figure 5-11 where the 




 (m)     (5-5) 
 




 (m)    (5-6) 
 




 (m)    (5-7) 
 
For the sensor only the universal joints and prismatic links contain polarisers 
to measure the angle of rotation. Figure 5-12 shows a representation of one of the legs 
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of the sensor. The default configuration of the sensor is that all of the legs are initially 
vertical. The position of the spherical joint in the universal joint frame can be 
expressed by resolving the position in the y-z plane (See Figure 5-13). Let Q
r
be the 



























be the position vector of the spherical joint in local reference frame (x’, 
y’, z’). E
r






    (5-9) 
 
 
where R is the rotation matrix for each axis and Q is the initial position of the 
spherical joint in the universal joint reference frame (x”, y”, z”). This gives 
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  (m)  (5-11) 
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Figure 5-12. Illustration of a single leg and universal joint. α represents the rotation 
about the y-axis and β represents the rotation about the x-axis. 
 
 
Figure 5-13. Coordinate transformation of the universal joint into the local 
coordinate system. The prismatic link, s is first resolved into components (β) in the 
universal joint frame (x”, y”, z”) and the coordinate system rotated by angle, α. 
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Equation 5-11 represents the position of each spherical joint in the local base frame 
(x’, y’, z’) of each leg. The next task is to convert the local coordinates into global 
base frame coordinates (X, Y, Z). Each local frame in Figure 5-11 is located at a fixed 
distance from the centre of the base plate and at 120° intervals around the base. Note 
that the z-axis is common for both local and global reference frames. The local 
reference frames can therefore be converted into the global reference frame by 
translating and rotating (about the common z-axis) the local frames into the global 



















    (5-12) 
 























    (5-13) 
 
where RB be the radius of the base circle on which the base universal joints lie and ψ 
is the angular position of each universal joint. Expressing the rotation and translation 
matrices as affine transformation matrices (4 × 4) the resulting transformation matrix, 
A is given by 
),(),( ψzRyxTA =
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   (5-15) 
 
The position vector of the spherical joint in the base frame, P
r




































































































  (5-16) 
 
Let m represent the sensor’s leg of interest then the position, P
r






































where only the x, y and z components are considered.  
 The position of each spherical joint can be verified by considering the diagram 
in Figure 5-14. Since all of the spherical joints lie in the same plane, without loss of 
generality, the vertical height can be taken as constant (in the plane) and the distance 
between the spherical joints is given by the cosine rule 
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ψcos2 2222 BBB RRRc −+=  
⇒    ( )ψcos12 22 −= BRc  
But the angular separation between any pair of spherical joints in the contact plane, ψ 
= 120º for the sensor, 














112 22 BRc  
⇒    BRc 3=      (5-18) 
 
or 
( ) ( ) ( )223223223 zzyyxx PPPPPPc −+−+−=  
 
as shown in Figure 5-14. 
 Unlike the universal joints and prismatic links the spherical joints do not 
contain linear polarisers to measure the angle of rotation. However, the contact plate 
can be viewed as a plane and the spherical joints as points embedded in the plane. 
Given the position of the three points on the plane both the normal vector and 
equation of the plane can be calculated from the cross product of any two vectors in 
the plane. The normal vector to the plane is given by 
 








are the points of the spherical joints in the base frame. The 
corresponding values of ψ for each leg m=1, 2, 3 are given in Table 5.1. Expanding 5-
17 and substituting the values of ψ for each leg m gives 
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Figure 5-14. The spherical joints are positioned at 120° intervals around a base 
circle of radius RC. The magnitude of the separation distance, c between any pair of 









































    (5-20) 
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  (5-22) 
 
Equation 5-19 now becomes 
 
( ) ( ) ( )[ ]











  (5-23) 
 















( )( ) ( )( )[ ]
( )( ) ( )( )[ ]















 . (5-24) 
 
 
The displacement of the sensor can calculated from the displacement of the centre of 
the contact plate. Generally, the centre of a circle can be calculated from any 2 vectors 






 be the 
positions of the spherical joints in the base frame. The cross product of any vector in 
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the plane and the normal vector, n
r
produces a bisector vector perpendicular to both 
vectors and embedded in the plane. Let a
r
 be the vector from point 1P
r





be the vector from point 1P
r
 to point 3P
r












The bisector line for vector a
r

















⇒ ( ) ( ) ( )knanajnanainanaL xyyxxzzxyzzy ˆˆˆ1 −+−−−=r   (5-25) 
 
and the bisector line for vector b
r
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⇒ ( ) ( ) ( )knbnbjnbnbinbnbL xyyxxzzxyzzy ˆˆˆ2 −+−−−=r  (5-26) 
 
where ax, ay, az and bx, by, bz are the x, y and z components of the a and b vectors 
respectively while nx, ny and nz are the x, y and z components of the normal vector in 




 respectively then the point 
of intersection of L1 and L2 gives the centre position of the contact plate. Let LM1 and 






































     (5-28) 
 
The bisector lines can be written in parametric form to take advantage of the bisector 
equations. Referring to Figure 5-15b, the position vector of the centre of the contact 
plane, cr
r



















by 5-25 and 5-26 respectively and t and k are coefficients of the vectors. Equating 5-





   (5-31) 
 
which can be expanded into x, y and z components to give 
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Figure 5-15. The calculation of the centre of a circle from any two vectors in the 
plane of the circle and the normal to the circle. (a) The intersection of the 




 gives the centre of the 
circle. (b) The centre of the circle, cr
r
 can also be expressed in parametric form as the 
























.   (5-34) 
 
Equations 5-32 to 5-34 form a system of equations with only two unknowns hence 










































   (5-35) 
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and solving by Cramer’s Rule 
 
 











  (5-36) 
 
and 











.  (5-37) 
 
Substituting 5-37 into 5-29 and expanding components gives the position of the centre 
of the contact plate where 
 

































































Equations 5-38 to 5-40 give the displacement of the centre of the contact plate. The 
orientation of the contact plate can be calculated from the dihedral angle of the 
contact plane normal vector and the base frame (see Figure 5-16). Taking the dot 




    (5-41) 
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Figure 5-16. The dihedral angle, χ between the plane-normal vector, cn
r
 and the 
base normal, bn
r
. The angle φ  is the angel between the plane and the x-axis. 
 
where nc is the normal vector to the contact plate, nb is the normal vector to the 
required plane, |nc| is the magnitude of the normal vector to the contact plate, |nb| is 
the magnitude of the normal vector of the plane and χ is the angle between the two 
normals. The base frame has three planes: z-y, x-z, and x-y planes corresponding to 
unit normals pointing along the x-, y-, and z- axes respectively. The angles between 




































   (5-44) 
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where the components of the normal, nx, ny and nz are taken from 5-24 and the 
magnitude of the unit vector is one. Since the plane-normal vector and the plane are 







































































  (5-47) 
 
 
where χx, χy and χz are given by equations 5-42 to 5-44 respectively. Note that 90 ° is 
not subtracted from ψ (the angle with respect to the z-axis) since in the default 
position (no deviation) the base and plate normal vectors are parallel.  Therefore 
equations 5-38 to 5-40 give the displacement of the contact plate while equations 5-45 
to 5-47 give the orientation of the contact plate. 
 A model of the mechanical structure was created to test the mathematical 
model of the displacement and orientation calculations as shown in Figure 5-17. Table 
5.2 shows the comparison between the theoretical results from the mathematical 
model and the actual measured results from the mechanical model. Displacement 
measurements were taken with a ruler with an error of ± 1 mm and a protractor for 
angular measurements with an error of ± 1 °. The results show that the model results 
are very close (taking manufacturing errors into account) the measured results. 
Appendix E.1 shows a sample calculation for one investigated configuration. 
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Figure 5-17. A photo of the apparatus used to test the mathematical model for the 
displacement and orientation of the contact plate. 
 
























Px = -0.041 
Py = -0.142 
Pz = 0.037 
Px = -0.04 
Py = -0.14 
Pz = 0.035 
Cx = -0.079 
Cy = -0.144 
Cz = -0.02 
Cx = -0.075 
Cy = -0.149 
Cz = -0.023 
ø = 22 
δ = 16 
ψ = -63 
ø = 20 
δ = 15 





Px = -0.108 
Py = -0.114 
Pz = 0.018 
Px = -0.105 
Py = -0.115 





Px = -0.097 
Py = -0.178 
Pz = 0.003 
Px = -0.100 
Py = -0.175 
Pz = 0.005 
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5.3.2 Force and Torque Modelling 
 This section develops a model of the applied force and torque based on the 
displacement of the contact plate and the properties of the flexures used. For static 





















    (5-49) 
 
where Fext is the applied external force, Fi is the force from the ith leg of the sensor, 
Mext is the applied external torque and Mi is the torque from the ith leg. Expanding 




=++ 321     (5-50) 
 
where F1, F2 and F3 are the forces directed along legs 1, 2 and 3 respectively.  
Recall that the torque required to twist a rectangular beam by an angle of θr is given 
by equation (3-18), i.e. 
 
rTkT θ=      (5-51) 
 
where  L
JGkT = .       
 
The required torque can also be expressed in vector form 
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     (5-52) 




     (5-53) 
 
where T is the torque produced by a force, F at a distance d from a pivot point and ϕ is 
the angle between r and F. Consider the local coordinate system for one leg as shown 
in Figure 5-11. Each universal joint has two degrees of rotational freedom resulting in 
two torque components per joint 
 
rTx kT β=      (5-54) 
and 
rTy kT α=
     (5-55) 
 
where β and α are the angles of twist about the x- and y- axes respectively. Expanding 















( ) ( ) ( )kFEFEjFEFEiFEFET xyyxxzzxyzzy ˆˆˆ −+−−−=  (5-56) 
 
Note that the cross product assumes that the force and distance are perpendicular to 
each other. Equating x-components of 5-54 and 5-56 gives 
 
yzzyrT FEFEk −=β
   (5-57) 
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Figure 5-18. Deformation of one of the universal joints when under load. 
 
and the torque about the y-axis is given by 
zxxzrT FEFEk −=α .   (5-58) 
 
The applied force is directed along the prismatic joint in the direction of the unit 











 is the vector given by 5-11. The magnitude of E
r
 is also the extension of 









    (5-60) 
 
Equating 5-51 and 5-53 for the magnitude of the torque gives 
    
( )γγ −°= 90sinpprT FLk  
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Figure 5-19. The applied force, F causes the joint to move in one direction and 
change the angle γ between the applied force and the link. (a) Illustration of the force 
being applied to the prismatic joint. (b) Diagram of one link of the prismatic joint 
showing one of the twisting strips. 
 






    (5-61) 
 
where Lp is the length of the twisting bar, γ is the angle between the applied force and 
bar, γr is the value of γ in radians and Fp is the magnitude of the force applied to the 
prismatic joint. Equation 5-61 represents one of the four joints in the prismatic link 
where each joint consists of two twisting sections as shown in Figure 5-19b. 









    (5-62) 
 
and hence the force vector is given by 
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    (5-63) 
 



























   (5-64) 
 
The linear polarisers are used to measure the angle of twist where the intensity of 
transmitted light is given by (3-20). Without loss of generality the transmitted light 
can be converted into a voltage to give 
 
γ2cosmVV =     (5-65) 
 
where V is the output voltage, Vm is the maximum transmission voltage and θ is the 


































    (5-66) 
 















   (5-68) 
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where 5-66 to 5-68 are the force components on each leg in the local coordinate 
frame. To convert to the local coordinate frame to the global frame apply the rotation 
matrix in 5-11 to give 








































 ( )iFFF imymmxmT ˆsincos ψψ −=r   
( ) kFjFF mzmmymmx ˆˆcossin +++ ψψ          (5-69) 
 
where m=1,2,3 represents on of the three legs of the sensor, ψm is the angle given in 
Table 5.1 and FmT is the force for the mth leg of the sensor. The applied force is 




=++ 321    (5-70) 
 
Expanding 5-70 into components gives 
TxTxTxextx FFFF 321 ++=    (5-71) 
TyTyTyexty FFFF 321 ++=    (5-72) 
TzTzTzextz FFFF 321 ++=    (5-73) 
 
 








is direction vector of the leg, F
r
is the force on the leg in the global 
coordinate frame and M
r
is the torque in the global coordinate frame. Expanding 5-
74 into components for the mth leg gives 
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( ) ( ) ( )kFpFpjFpFpiFpFpM mxmymymxmxmzzmmxmymzmzmym ˆˆˆ −+−−−=r     (5-75) 
 











and expanding into components gives 
( ) ( ) ( )yzzyyzzyyzzyextx FpFpFpFpFpFpM 333322221111 −+−+−=   (5-76) 
( ) ( ) ( )[ ]xzzxxzzxxzzxexty FpFpFpFpFpFpM 333322221111 −+−+−−=   (5-77) 
( ) ( ) ( )xyyxxyyxxyyxextz FpFpFpFpFpFpM 333322221111 −+−+−=  (5-78) 
 






5.4 Sensor Simulations 
Force and torque simulations on the 6-DOF were performed in Autodesk 
Inventor 2012 to investigate the likely response of the sensor to applied forces and the 
working range of the sensor. The aim of the simulations is to investigate the 
displacement and orientation of the contact plate with applied forces. The simulator 
only uses Finite Element Analysis (FEA) to simulate the movement of the structure 
but it cannot model the properties of the linear polarisers or of the polarised light.  
Figure 5-20 shows the simulation of a 10 N vertical force (Fz) applied to the 
centre of the contact plate. In this simulation the sensor experienced purely linear 
displacement of approximately 0.2 mm. The prismatic link also operates as designed 
by compressing inward with the applied force. Figure 5-21 shows the response of the 
sensor to a 5 N horizontal force, Fx parallel to the x-axis of the sensor. The simulation 
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shows the contact plate displaced by approximately 0.3 mm and the prismatic links 
extending as designed. Figure 5-22 shows a simulated 2 Nmm torque about the z-axis. 
In this case the torque causes each prismatic link to extend by equal amounts (less 
than one degree) to ensure pure rotation of the contact plate. The final simulation is 
shown in Figure 5-23 where an 8 N vertical force was applied at a radius of 3 mm 
from the centre of the sensor and midway between two legs of the structure. The 
results show that the contact plate tilts downward producing a torque about the x- and 
y-axis. From the simulated results the estimated maximum values of the sensor are 
shown in Table 5.3. These results were based on the simulations and the maximum 
extension/compression of the prismatic joints where are constrained to work within 
the linear region of the linear polarizers. These limits are within the desired range as 





Fz 20 N 
Fx 10 N 
Fy 10 N 
Mx 20 Nmm 
My 20 Nmm 
Mz 40 Nmm 
Table 5.3. Table of the maximum estimated forces for the 6-DOF, 3-UPS sensor. 
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Figure 5-20. Simulation of the 6-DOF, 3-UPS sensor experiencing a 10 N force 
applied parallel to the z-axis. (The displacement range is from 0 mm (Blue) to 0.32 
mm (Red)).   
 
 
Figure 5-21. Simulation of the 6-DOF 3-UPS sensor experiencing a 5 N force along 
the x-axis. (The displacement range is from 0 mm (Blue) to 0.29 mm (Red)). 
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Figure 5-22. Simulation of the 6-DOF, 3-UPS sensor experiencing a 2 mNm force 
about the z-axis. (The displacement range is from 0 mm (Blue) to 0.014 mm (Red)). 
 
 
Figure 5-23. Simulation of the 6-DOF 3-UPS sensor experiencing an 8 N force at a 
radius of 3 mm from the centre of the sensor. (The displacement range is from 0 mm 
(Blue) to 0.73 mm (Red)). 
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5.5 Sensor Drift Reduction 
 Sensor drift can be defined as the increasing deviation of a parameter from a 
preset value over time. Optical sensor drift can occur for a number of reasons 
including temperature fluctuations, power supply fluctuations, aging components and 
light intensity fluctuations. The main indication of sensor drift is a gradually deviation 
of the sensor’s output value when it is unloaded. The effect of sensor drift is that the 
sensor gradually loses accuracy over time compromising the integrity of the test 
results. This can have detrimental effects if a dexterous manipulator is grasping a 
fragile object. Figure 5-24 shows a comparison of a sensor with and without drift 
where the output voltage increases as time passes. Hardware solutions have been 
proposed to reduce the effects of drift such as using temperature insensitive materials, 
increasing the stability of the power supply components and controlling the working 
environment of the sensor. However, pursuing these options is not always possible so 
software options have also been pursued. Peirs et al. [180] proposed modulating the 
light source with a 5 kHz sine wave in order to reduce the heat build up that can occur 
if the power source is on continuously. 
The drift reduction technique proposed in this research is based on the 
principles of a lock-in amplifier but simplifies the calculations to maintain a constant 
sensor output even if the sensor drifts radically. Lock-in amplifiers generate a high 
frequency reference signal and compare all read signals with the reference signal to 
retrieve the modulated signal even if the signal-to-noise ratio is very low. This is 
similar in many respects to the phase modulation techniques highlighted in (Section 
2.2.4). The high frequency reference signal helps reduce the noise signal and improve 
the signal-to-noise ratio [181]-[183]. Hardware-based lock-in amplifiers are very 
expensive due to their high precision but software alternatives have been developed 
that can still perform well [184]. 
The method used in this research is to drive the LED light source with a 
sinusoidal waveform which keeps the LED operating within the linear region and 
prevents excessive heating of the LED thereby causing sensor drift. The sinusoidal 
waveform is internally generated by a dsPIC33FJ256GP710A microcontroller and a 
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digital potentiometer. All of the transmitting optical fibres of the sensor are connected 
to the same light source so that any fluctuations affect all detectors and hence can be 
compensated. All of the sensor’s photodetectors are locked to the generating 
frequency and are read before generating the next voltage step. Two complete 
sinusoidal waves per sensing fibre are generated for each processing cycle to improve 
sensor performance. In addition to the nine sensing fibres (three per leg) there is an 
extra pair of fibres to provide a reference voltage for the system. The data from each 
sensing fibre is then shifted by 90° and subtracted from the reference data. Figure 5-
25 shows a sample calculation for the algorithm. The reference (blue) and sensing 
(red) voltages have a voltage range of 2.5 ± 0.8 V. The data for the reference and 
sensing voltages are shown in “Voltage” and “Shifted Angle Voltage” columns 
respectively. The “Differential Voltage” column shows the difference between the 
reference voltage and the sensing fibre voltage. Notice that in the last column the 
alternate values are always the same. Figure 5-26 shows a simulated sensor drift 
where the input (green), output (blue) and shifted wave (red) all drift from the set 
value of 1.3 V but the differential voltage (brown) is constant at 1.1 V. Using the 
alternate samples thus provides a constant output value even if the sensor drift is large 
which is a highly desirable feature. 
 
 
Figure 5-24. Simulation of sensor drift. 
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Figure 5-25. Sample calculation for drift reduction algorithm. (a) Generated sine 
waves. (b) Algorithm calculations. 
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5.6 Chapter Summary 
 This chapter presented a 6-DOF sensor based on a 3-UPS design and LIM 
based on linear polarizers. All of the joints of the new sensor are based on revolute 
joints so that the applied force changes the polarization angle of the polarizers hence 
modulation the light intensity. A mathematical model of the sensor was also 
developed (Section 5.3) where the applied force (equation 5-18) and torque (equation 
5-26) can be calculated from the linear polarizer voltages in each of the three legs of 
the sensing structure. The use of the linear polarizers helped simplify the sensor’s 
design since only one LIM equation is required to measure both force and torque and 
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the equation describing the linear polarizer intensity is defined. Simulations of the 
sensor (Section 5.4) showed that the sensor performed as expected under simulated 
forces and torques. Estimated maximum forces and torques were also determined 
from the simulation results so that a safe working range could be used when using the 
sensor for grasping experiments. This chapter also presented a simple and quick 
software method to reduce sensor drift by using the interference of sine and cosine 
waves. This method produced alternating output of constant value which is free of the 
effects of drift. The next chapter presents grasping experiments using the 6-DOF 















CHAPTER 6 – Testing and 
Evaluation of the 6-DOF 









 This chapter presents experiments conducted using the 6-DOF sensor (Ø 16 
mm × 15.50 mm) and a Barrett Hand dexterous manipulator. The sensor was first 
calibrated using the Nano17 force/torque sensor and a 6-DOF Fanuc M-6iB robotic 
arm then integrated into the fingertip of the Barrett Hand for the grasping 
experiments. All of the components of the sensor were created by a Projet 3D printer 
(HD 3000Plus, Projet). The following sections describe the experiments conducted 
and an analysis of results. 
 
 
6.2 Sensor Calibration 
 The first test was to verify that the microcontroller was generating the desired 
frequency of 2 kHz. All of the sensor’s transmitting fibres are connected to the same 
LED light source to prevent variation between individual transmitting fibres. Figure 
6-1 shows the custom fibre holder which houses all of the transmitting fibres and a 
wide angle red LED light source. Figure 6-2 shows the modulating waveform that 
drives the common LED light source. Figure 6-2a shows the raw output from the 
digital potentiometers while Figure 6-2b shows the smoothed output, centred at 2.5 V 
that drives the LED. The smoothed output is preferable to the raw potentiometer since 
the smoothed waveform reduces sudden changes in current which can damage the 
LED.  
The calibrating procedure for the 6-DOF sensor is similar to the procedure for 
the 2-DOF sensor (2-DOF calibration) but applied to all six axes. To adequately 
calibrate the sensor a sensor holder had to be made to rigidly hold the sensor while it 
was being twisted as shown in Figure 6-3. Figure 6-3 shows the completed calibration 
setup. The sensor holder consists of two parts: a Bottom Segment which is rigidly 
fixed to the base of the sensor and a Top Segment which is rigidly fixed to the contact 
plate. The Nano17 F/T is rigidly connected to the Top Segment of the sensor holder  




Figure 6-1.  A single LED drives all of the transmitting fibres of the sensor. 
 
and the Fanuc robot arm. The Bottom Segment of the sensor holder is rigidly held in a 
vice to prevent movement. 
The calibration procedure is split into two parts: calibration of the force sensor 
and calibration of the torque sensor. The force sensor is calibrated by translating the 
Top Segment 1 mm forward and backward in steps of 0.25 mm. This procedure was 
repeated five times per axis and the average value taken per step. The torque sensor 
was calibrated by rotating the Top Segment 2 degrees clockwise and anticlockwise in 
steps of 0.5 degrees. This procedure was repeated five times and the average value 
take per step. 
Figure 6-5 shows the results from the vertical force, Fz calibration where the 
output is linear with the applied force and Figure 6-6 shows the data for the 
calibration experiment. Figure 6-5 shows that the θ1 and θ2 angles for each leg are 
horizontal indicating no movement for these angles with applied force while the 
prismatic link angles change with increasing force. This result is expected for a purely 








Figure 6-2. Microcontroller generated waves. (a) Raw output from the digital 




Figure 6-3. Sensor in calibration holder prior to being calibrated. 
 




Figure 6-4. 6-DOF undergoing calibration. 
 
universal joints should not bend when a force is applied along the thin edge of the 
nitinol strips (recall Section 3-4 and equation 3-2). The gradient of each line is given 
in Figure 6-6 where the gradients of the first two legs are approximately the same 
(0.0126 and 0.0131 respectively) while the gradient of the three leg is higher (0.0145). 
This suggests that the third leg is experiencing more force that the other legs 
indicating that the applied force may not be at the exact centre of the sensor as 
expected. In addition, the model of the senor in the previous chapter assumed that 
each polarizer is initially at an orientation of 45 ° to give half of the maximum 
transmitted light. Figure 6-6 shows the calculated initial angles of each leg using 
equation 5-17 and a maximum voltage of 0.095 V. These results show that the 
polarizers are slightly offset from their desired positions but can be corrected by 
including an offset into the calculations. Figure 6-5a also shows that there is some 
undesired compliance in the sensing structure since a minimum amount of force must 
be applied to the sensor to affect the prismatic link angles. This effect can be 
attributed to manufacturing inaccuracies that decrease the stiffness of the sensor. 




Figure 6-5. Results of the force (Fz) calibration. (a) Force-Displacement graph. (b) 
Voltage-Displacement graph. (c) Force-Voltage graph. 
 


















Vα = 0.054 
Vβ = 0.044 









Vα = 0.051 
Vβ = 0.031 








Vα = 0.035 
Vβ = 0.031 







Table 6.1. Data for the vertical force, Fz calibration experiment. The third column 
gives the voltage measured from each leg polariser sensor. The fifth column gives the 
corresponding angle for the voltage and the sixth column gives the required offset 
needed to adjust individual leg sensor readings.  
 
Figure 6-6 shows a comparison of the readings from an undamaged  (Figure 6-
6a) and damaged (Figure6-6b) sensor respectively. For the undamaged sensor (Figure 
6-6a) the separation distance between pairs of spherical joints, c (fifth column) is 
constant at 0.008227 m since the spherical joints are at fixed positions in the contact 
plane of radius 0.00475 m. For the damaged sensor (Figure 6-6b) the separation 
distance between pairs of spherical joints, c (fifth column) is constant between joint 
pairs P2-P1 and P3-P2 but incorrect between joints P3-P1. There are two possible causes 
for the damage to the sensor: 
1. The third leg of the sensor is physically broken 
2. The optical fibres have been broken. 
In this case the latter reason caused the sensor to malfunction during earlier tests with 
the result that the readings from Leg 3 did not change during testing but the structure 
reminded intact. 
 




Figure 6-6. Comparison of the spherical joint position information from two 
instances of using the developed 6-DOF sensor. (a) For the undamaged sensor, the 
separation distance, c (5th column) between pairs of spherical joints is constant at 
√3RC (0.008227 m). (b) For the damaged sensor, the separation distance, c (5th 
column) between pairs of spherical joints is constant between joints pairs P2-P1 and 
P3-P2 but incorrect between pairs P3-P1.  
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6.3 Grasping Experiments 
 The 6-DOF sensor was integrated into the fingertip of a Barrett Hand and used 
to grasp a rectangular power adapter and a plastic egg as shown in Figure 6-7 to 
Figure 6-10. The power adapter was placed in the palm of the Barrett Hand and held 
rigidly in place by the F2 and F3 fingertips. The sensor was integrated into the F1 
fingertip of the Barrett Hand and the finger closed until it contacted the edge of the 
power adapter. The power adapter was used because it had both a flat surface and a 
curved edge therefore the sensor’s response to both surfaces can be investigated. The 
results from the grasping experiment showed that the sensor deformed at the edge of 
the power adapter so that the contact plate was almost tangential to the point of 
contact. This deformation presented another interesting feature of the sensor since the 
tangent to the curvature may be calculated given the angles of the universal joints and 
the prismatic link as predicted by equation (5-9). Figure 6-8 shows the Nano17 in 
contact with the edge of the power adapter. The result is that the Nano17 records a 




Figure 6-7. Photo of the 6-DOF sensor grasping a power adapter. 













Figure 6-9. A time-elapsed photograph of the Barrett Hand grasping a plastic egg 
with a Nano17 integrated into one of the fingertips. 
 




Figure 6-10. Time-elapsed photographs of the Barrett Hand grasping a plastic egg 
with the integrated 6-DOF sensor. 
 
 
Figure 6-9 and Figure 6-10 show the results of the Barrett Hand grasping a 
large custom-made plastic egg. The plastic egg was chosen because it had a large 2-
dimensional curved surface and a known curvature so the contact orientation could be 
easily calulated. The Nano17 was integrated into the F2 fingertip and used to grasp 
the egg while the Barrett Hand was incrementally closed. In this case the egg could 
not be fully constrained by the F1 and F3 fingertips because of the egg’s shape and 
size. The result was that the egg continually moved when more force was applied to 
the egg during the closing action. Figure 6-9 shows the incremental progression of the 
marker as the closing force was increased. In contrast to the Nano17 the 6-DOF 
sensor did not move the grasped egg during the incremental closure. Instead, at first 
contact, the 6-DOF twisted so that the top plate was tangential to the 2-D curved 
surface. The result was that there was very little force to push the grasped egg unlike 
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the hard Nano17. This can be a very advantageous feature when grasping delicate 
objects. 
 An additional experiment was conducted to further investigate the curvature of 
a 2-dimensioanl object. The experiment, shown in Figure 6-11, consists of placing a 
computer mouse with its curved face against the 6-DOF sensor and applying known 
weights on the flat side of the mouse. Table 6.2 shows the results of the experiment 
where 1 N, 2 N and 4 N weights were applied to the flat side of the mouse and the 
signals from the sensor recorded and converted to force and torque readings using the 
equations in Section 5.4. Figure 6-12 shows the graphs of the force and torque 
response of the contact experiment. 
Columns 2 and 3 in Table 6.2 show the change in position and orientation of 
the sensor for the applied forces. For the 1 N load the position of the sensor (column 
2) was unchanged however the orientation of the platform (column) started to change 
based on the initial contact. Increasing the load to 4 N caused the sensor to shift 
mainly along the positive y-axis. The axes are shown on the mouse in Figure 6-11(a) 
but when the tests were conducted the mouse was upside down so the axes shown 
correspond to the sensor’s axes. Column 3 for the 4 N force also shows that most of 
the twisting is concentrated about the x-axis (φ = 8 °) compared to the y-axis (δ = 6 °). 
Note also that there is no twisting of the sensor since the angle about the z-axis (ψ) is 
zero. 
Columns 4 and 5 give the force and torque respectively on the sensor with the 
applied forces. For the 1 N applied force the force experienced by the sensor is zero 
and a small torque. This is in agreement with the position and orientation information 
in columns 2 and 3 since no displacement indicates no net applied force and the small 
torque indicates some twisting is being experienced by the sensor. For the 4 N applied 
force the sensor reading was less than expected because the sensor was contacting a 
curved surface and experiencing both force and torque instead of a purely vertical 
force. There is also the possibility that slippage between the sensor and the contacted 
surface may have occurred which helped contribute the lateral forces observed. This 
generally indicates that for small forces the torque is the dominant type of force while 
for large forces the linear force is the dominant component (provided there is no 
slipping at the contact point). This result is similar to the discussion of Figures 4-8  
 




Figure 6-11. 6-DOF sensor in contact with a computer mouse. (a) The contact 
location on the curved surface of the mouse. (b) The sensor in contact with the mouse 
while a purely vertical force is applied to the bottom of the mouse. 
 
 
Table 6.2. Table of the force and moment data from contact with a computer 
mouse. 
 
and 4-9 which illustrate the force/torque relationship depending on the position of the 
applied force. 
 




Figure 6-12. Graphs of the response of the 6-DOF sensor to contact with a computer 
mouse. (a) Comparison of the applied force (linear) and the sensor response. (b) 
Comparison of the applied force (linear) and the torque response. 
 
 





6.4 Chapter Summary 
 This chapter presented the calibration and testing of the developed 6-DOF 
sensor based on a 3-UPS design. The sensor was first calibrated with a FANUC 6-
DOF robot arm and a Nano17 force/torque sensor then integrated into the fingertip of 
a Barrett Hand. Grasping experiments were then conducted on a rectangular power 
adapter and a large custom-made plastic egg using both the Nano17 and the 6-DOF 
sensor. For both experiments the Nano17 slipped on the contact surface and generally 
pushed the plastic egg with each incremental closing grasp. The 6-DOF sensor 
generally twisted so that the contact plate was tangential to the point of contact. This 
resulted in gentler application of force since most of the initial applied contact force 
was torque until the full contact was made (recall Figure 4-8 and Figure 4-9). 
A further experiment was conducted where the sensor was held stationary and 
a computer mouse placed upside down on the sensor so that the curved portion of the 
mouse rested on the sensor and forces applied to the flat side of the mouse (see Figure 
6-11). The results from this experiment (see Table 6.2 and Figure 6-12) confirmed 
that for contact with any curved shape the 6-DOF sensor responses with first a change 
in orientation/torque and then a change in position/force. The 6-DOF sensor was also 
able to measure the angle of twisting about all of the axes which gives the orientation 
of the current contact point.  
The next chapter presents a short review and conclusion of the work 













CHAPTER 7 – Conclusions 






CHAPTER 7 – CONCLUSIONS AND FUTURE WORK 
 194
 
7.1 Introduction and Thesis Review 
 The aim of this thesis was to develop a 6-DOF force and torque sensor that 
can be integrated into a dexterous manipulator in order to measure the force and 
torque applied to an object during grasping manoeuvres. Another requirement was 
that the sensor should be MR-compatible so that it can operate in magnetic 
environments. Optical sensing techniques were found to be most suitable to magnetic 
environments since the components are usually made from plastic or glass, they are 
immune to magnetic interference and the sensing information can be transmitted over 
long distances with minimal signal attenuation. This research focused on Light 
Intensity Modulation (LIM) because it is simple to implement and the required 
materials and equipment are inexpensive. However, problems such as light 
interference and sensor drift can affect the accuracy of the sensor readings. The other 
factor is the sensing structure that is in contact with the object. This structure should 
be able to measure all of the desired forces but should not interfere with the operation 
of the device that it is connected to. 
 The first sensor created was a 2-DOF sensor to measure one force, Fz and one 
torque, Mx. The sensor was created from plastic and nitinol strips in order to maintain 
the MR-compatibility requirement. The sensing structure was based on a “4-cross” 
design with two LIM techniques: axially-aligned optical fibre displacement where the 
applied force, Fz, varied the separation distance between the transmitting and 
receiving fibres thereby modulating the light intensity and linear polarizer pairs where 
the applied torque, Mx, varied the orientation between the polarizers thereby 
modulating the light intensity. The experiments conducted showed that the calibrated 
sensor produced results that are similar to those of a commercial force/torque sensor 
(Nano17, ATI) but with an additional advantage of being able to identify the local 
contact deformation at the point of contact. The major disadvantage of the 2-DOF 
sensor was the limited number of degrees of freedom when contacting a 2-
dimensional curved surface. For this case the force sensor produced indeterminate 
results while the torque sensor continued to produce the correct results. 
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 The second sensor sought to correct the problems highlighted by the 2-DOF 
sensor while preserving its advantages. The improved sensor increased the number of 
degrees of freedom to six to a full 6-DOF force/torque sensor (Fx, Fy, Fz, Mx, My, Mz) 
by changing the sensing structure to a parallel 3-UPS design. Another improvement is 
that the 6-DOF only uses linear polarizers due to their improved LIM characteristics 
and fault tolerance. The results from conducted grasping experiments showed that the 
6-DOF sensor performed as expected and also maintained the ability to conform to 
the surface. Table 7.1 presents a comparison of the force and torque sensors used 
throughout this research. A novel approach is also presented to reduce drift in the 




Attribute Nano17 2-DOF 6-DOF 
Diameter 17 mm 9 mm 16 mm 
Height 15 mm 10 mm 15.50 mm 
Mass 9.07 g 0.4 g 1.0 g 
Sensing Technique Silicon Strain Gauge Fibre Optic Fibre Optic 
Resolution (Fx) 1/320 N NA 0.08 N 
Resolution (Fy) 1/320 N NA 0.08 N 
Resolution (Fz) 1/320 N 0.011 N 0.08 N 
Resolution (Mx) 1/64 Nmm 0.15 Nmm 0.001 Nmm 
Resolution (My) 1/64 Nmm NA 0.001 Nmm 
Resolution (Mz) 1/64 Nmm NA 0.001 Nmm 
MR-compatible No Yes Yes 
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7.2 List of Contributions 
 The main aim of this research was to develop a 6-DOF force and torque sensor 
that can be embedded into the fingertip of a dexterous robotic manipulator. The 
second aim of the research was to make the sensor MR-compatible so that it can be 
used in MR-applications. In this regard a light intensity modulation technique 
(optical-based sensing) was used as the main sensing technique to measure the applied 
force and torque on the sensor. The contributions this research has made to the field of 
force and torque sensor development are listed below. 
 Firstly, this research presented the application of linear polarisers into the field 
of force and torque sensing. Traditional uses of linear polarisers include liquid crystal 
research and photograph but this is the first time (to the author’s knowledge) that 
linear polarisers have been used as the main sensing element of a force/torque sensor. 
The linear polarisers are made of plastic so they are MR-compatible and are very 
inexpensive compared to other optical sensing materials. Another benefit is that the 
output light intensity of linear polarisers is invariant under translations so small 
deviations in the sensor’s construction do not adversely affect the sensor’s 
measurements. Also, linear polarisers are thin (0.3 mm in thickness for the type used 
in this research) and can be cut into any required shape hence making them very 
versatile and help to reduce the size and weight of the sensor so that it can fit within 
the dexterous fingertip.  
 Secondly, mathematical models of the propagation of light from an optical 
fibre, light intensity modulation of linear polarizer light and the force and torque 
output based on the variation in photodetector voltage as a function of separation 
distance and orientation angle were developed. The importance of the models is they 
link the modulation of the light with the physical movement of the sensing structure. 
This linkage is generally not available in commercial simulation packages which 
either use FEA/FEM to model the movement of the structure or model the general 
dispersion of light in a room but not specifically for sensing applications. The 
developed models were primarily designed to provide the force or torque given the 
change in light intensity but they can also be used to simulate calibration of the sensor 
where the light intensity can be estimated given specific values of force or torque. 
This last feature was not discovered in simulation packages investigated. 
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Thirdly, a 2-DOF sensor (Ø 9 mm × 10 mm) based on two LIM techniques 
(axially-aligned optical fibres and linear polarisers) was created in order to compare 
the results between the traditional method and the linear polarizer method. Another 
feature of the sensor is that the entire structure is MR-compatible by using ABS 
plastic and nitinol strips. The nitinol strips allow the sensor’s contact surface to twist 
with when in contact with an object. This feature is unique for force and torque 
sensors since most other sensors are rigid structures and the deformation is small (in 
the order of µm). The added advantage observed with the deformable nature of the 
sensor is that changes in the local contact point can be detected when grasping an 
object. Also, the linear polarizer method had superior performance due to its rigid 
optical alignment setup, mathematically defined intensity modulation output and 
tolerance for small deviations tangential to the rotation of the linear polarizer pair. 
 Fourthly, a force-torque model of a 6-DOF sensor that incorporated the 
polarizer LIM model and a 3-UPS parallel structure was also created. The unique part 
of the parallel structure design is that all of the joints were made of revolute nitinol 
flexures which were bonded to the plastic links thereby providing a strong yet light 
MR-compatible structure as outlined in the aims and objectives of the research. The 
importance of this model is that it combines the light intensity modulation and 
structural deformation into a single model which is not available in many commercial 
simulation software packages. The 6-DOF force-torque model showed that it is 
possible to model the applied force and torque based on the modulated polarizer 
voltage and the characteristics of the parallel sensing structure. 
Fifthly, a 6-DOF (Ø 16 mm × 15.50 mm) sensor based on linear polarisers 
embedded within a parallel 3-UPS sensing structure was created. The design 
comprised of rigid links made of ABS plastic and nitinol flexural joints to fully 
exploit the advantages of the linear polarizer and the developed linear polarizer LIM 
model yet maintain MR-compatibility. The deformable parallel design allows more 
force to be applied to the sensor since it is balanced by the three legs of the sensor and 
the deformable nature of the structure allows the sensor to measure the local contact 









7.3 Conclusions, Improvements and Future 
Work 
 The sensors developed during this research achieved the main aims of 
measuring applied force and torque, capable of being integrated into the fingertip of a 
dexterous manipulator and being MR-compatible. The linear polarizer method of LIM 
proved to be better than axially-aligned optical fibres or reflective LIM since the 
intensity output is mathematically defined, the device is a commercial product and the 
inaccuracies due to fibre misalignment are greatly reduced. However, some 
improvements to the sensor can be made to enhance its effectiveness for future 
experiments. These are: 
 
 Improved Sensor Rigidity – The rigidity of the sensing structure can be 
improved by: 
 
o Improving the bonding between the nitinol strips and the plastic 
structure. 
o Introduce limits on the sensor travel to prevent unwanted bending at 
high loads. 
 
 Sensor Miniaturization – The size of the sensor can be further 
miniaturized in the following ways: 
 
o By using MEMs technology to fabricate the sensing structure. 
o By using smaller optical fibres (125 µm or less) and/or fibre bundles. 
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o By using polarization maintaining fibres thereby eliminating one of the 
linear polarisers per sensing axis. Polarized light would then be 
generated at the light source instead of at the sensing structure. 
 
 Improved Sensing Electronics – The sensing electronics can be 
improved in the following ways: 
 
o By replacing the hardware lowpass filters with programmable lowpass 
filters to allow more flexible control of the data collection process.  
 
o The data transmission speeds can also be improved by using a protocol 
such as USB instead of the serial port (RS-232) as is currently being 
used. 
 
o More amplification of the received signal is required to increase the 
signal-to-noise ratio. 
 
o The resolution of the sensor can be improved by limiting the A/D 
converter to only the maximum change in received voltage instead of 
the entire supply voltage range.  
 
Future applications of the sensor include: 
 
 Local Curvature Calculation – Further work can be conducted in the 
ability of the sensor to indentify and calculate the local curvature of a 
contacted object. This would eliminate the need to estimate the object 
curvature by using the joint position information of the manipulator which 
may not be completely accurate. 
 
 Palm Sensor Array – The research can be further expanded to have arrays 
of 6-DOF sensors that can be integrated into the palm or fingertip to form a 
sensing skin (see Figure 7-1). The advantage is that the skin would be hard 
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thus preventing damage while still flexible due to the sensing structure of the 
sensor. 
 
 Underwater Sensing – This involves using the sensor in underwater 
environments which are currently prohibitive for conventional force/torque 
sensors. Since the sensor can operate effectively in clean aqueous 
environments it does not need special protective coverings which reduce the 
























Figure A-1. CAD Drawing of the Rotator of the 2-DOF sensor. 
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Figure A-2. CAD drawing of the Polarizer Holder of the 2-DOF sensor. 
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Figure A-3. CAD drawing of the Tip of the 2-DOF sensor. 
 











All dimensions are in mm unless otherwise stated. 
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Figure B-1. CAD drawing of the Base of the 6-DOF sensor. 
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Figure B-2. CAD drawing of the Universal Joint (Base) of the 6-DOF sensor. 
  
APPENDIX B – 6-DOF CAD DRAWINGS 
 208
 
Figure B-3. CAD drawing of the Lower Left Leg of the 6-DOF sensor. 
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Figure B-4. CAD drawing of the Lower Right Leg of the 6-DOF sensor. 
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Figure B-5. CAD drawing of the Upper Left Leg of the 6-DOF sensor. 
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Figure B-6. CAD drawing of the Upper Right Leg of the 6-DOF sensor. 
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Figure B-7. CAD drawing of the Universal Joint (Top) 6-DOF sensor. 
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Figure B-8. CAD drawing of the Spherical Joint (Inner) 6-DOF sensor. 
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Figure B-9. CAD drawing of the Spherical Joint (Middle) 6-DOF sensor. 
APPENDIX B – 6-DOF CAD DRAWINGS 
 215
 
Figure B-10. CAD drawing of the Top of the 6-DOF sensor. 
 















P[50] 100mm/sec FINE 
P[51] 100mm/sec FINE 
R[1] = 4  ;# of steps/cycle 
R[3] = 0.25  ;linear increment 
R[4] = 5  ;# of cycles 
R[5] = R[4] 
R[6] = 0.5  ;angular increment 
;------------------------------------------- z-axis (Linear) ----------------------------------------
---- 
LBL[1000] 
IF R[5]=0, JMP LBL[2999] 
R[2] = R[1] 
PR[2] = P[51] 
PR[1, 1] = 0 
PR[1, 2] = 0 
PR[1, 3] = R[3] 
PR[1, 4] = 0 
PR[1, 5] = 0 
PR[1, 6] = 0 
LBL[1001] 
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IF R[2]<>0, JMP LBL[1005] 
JMP LBL[1006] 
LBL[1005] 
R[2] = R[2] – 1 
PR[2] = PR[2] – PR[1] 




R[5] = R[5] – 1 
JMP LBL[1000] 
;--------------------------------------- x-axis (Linear ) ---------------------------------------- 
LBL[2999] 
R[5] = R[4] 
LBL[2000] 
IF R[5]=0, JMP LBL[3999] 
R[2] = R[1] 
PR[2]=P[51] 
PR[1, 1] = R[3] 
PR[1, 2] = 0 
PR[1, 3] = 0 
PR[1, 4] = 0 
PR[1, 5] = 0 
PR[1, 6] = 0 
LBL[2001] 




PR[2] = PR[2] + PR[1] 








IF R[2]<>0, JMP LBL[2005] 
JMP LBL[2006] 
LBL[2005] 
R[2] = R[2] – 1 
PR[2] = PR[2] – PR[1] 




R[5] = R[5] – 1 
JMP LBL[2000] 
;------------------------------------------ y-axis (Linear) -------------------------------------- 
LBL[3999] 
R[5] = R[4] 
LBL[3000] 
IF R[5]=0, JMP LBL[4999] 
R[2] = R[1] 
PR[2]=P[51] 
PR[1, 1] = 0 
PR[1, 2] = R[3] 
PR[1, 3] = 0 
PR[1, 4] = 0 
PR[1, 5] = 0 
PR[1, 6] = 0 
LBL[3001] 




PR[2] = PR[2] + PR[1] 
PR[2] 100mm/sec FINE 
JMP LBL[3001] 






IF R[2]<>0, JMP LBL[3005] 
JMP LBL[3006] 
LBL[3005] 
R[2] = R[2] – 1 
PR[2] = PR[2] – PR[1] 




R[5] = R[5] – 1 
JMP LBL[3000] 
;------------------------------------------ z-axis (Angle) -------------------------------------- 
LBL[4999] 
R[5] = R[4] 
LBL[4000] 
IF R[5]=0, JMP LBL[5999] 
R[2] = R[1] 
PR[2]=P[51] 
PR[1, 1] = 0 
PR[1, 2] = 0 
PR[1, 3] = 0 
PR[1, 4] = 0 
PR[1, 5] = 0 
PR[1, 6] = R[6] 
LBL[4001] 




PR[2] = PR[2] + PR[1] 
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IF R[2]<>0, JMP LBL[4005] 
JMP LBL[4006] 
LBL[4005] 
R[2] = R[2] – 1 
PR[2] = PR[2] – PR[1] 




R[5] = R[5] – 1 
JMP LBL[4000] 
;------------------------------------------ y-axis (Angle) -------------------------------------- 
LBL[5999] 
R[5] = R[4] 
LBL[5000] 
IF R[5]=0, JMP LBL[6999] 
R[2] = R[1] 
PR[2]=P[51] 
PR[1, 1] = 0 
PR[1, 2] = 0 
PR[1, 3] = 0 
PR[1, 4] = 0 
PR[1, 5] = R[6] 
PR[1, 6] = 0 
LBL[5001] 
IF R[2]<>0, JMP LBL[5002] 
JMP LBL[5003] 
LBL[5002] 
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R[2]=R[2]-1 
PR[2] = PR[2] + PR[1] 






IF R[2]<>0, JMP LBL[5005] 
JMP LBL[5006] 
LBL[5005] 
R[2] = R[2] – 1 
PR[2] = PR[2] – PR[1] 




R[5] = R[5] – 1 
JMP LBL[5000] 
;------------------------------------------ x-axis (Angle) -------------------------------------- 
LBL[6999] 
R[5] = R[4] 
LBL[6000] 
IF R[5]=0, JMP LBL[30000]   ;loop if at end of program 
R[2] = R[1] 
PR[2]=P[51] 
PR[1, 1] = 0 
PR[1, 2] = 0 
PR[1, 3] = 0 
PR[1, 4] = R[6] 
PR[1, 5] = 0 
PR[1, 6] = 0 
LBL[6001] 
IF R[2]<>0, JMP LBL[6002] 





PR[2] = PR[2] + PR[1] 






IF R[2]<>0, JMP LBL[6005] 
JMP LBL[6006] 
LBL[6005] 
R[2] = R[2] – 1 
PR[2] = PR[2] – PR[1] 























Figure D-1. Photo of the custom-made data acquisition board. 
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Figure D-2. Schematic diagram of the custom-made data acquisition board. 
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E.1 Displacement and Orientation 
Mathematical Model Calculation 
  
 
This section presents a sample calculation of the displacement and orientation 
of the 6-DOF sensor. Table E.1 lists the values of the parameters used in the 
calculations. 
 
Parameter Description Value 
Lp Length of one link of the prismatic joint 0.12 m 
RB Radius of the base circle on which the 
universal joints lie 
0.11 m 
ψ1 Angular position of the first leg 0 ° 
ψ2 Angular position of the second leg 120 ° 
ψ3 Angular position of the third leg 240 ° 
α1 Rotation about the y-axis of leg 1 69 ° 
β1 Rotation about the x-axis of leg 1 144 ° 
γ1 Rotation about the z-axis of leg 1 47 ° 
α2 Rotation about the y-axis of leg 2 80 ° 
β2 Rotation about the x-axis of leg 2 34 ° 
γ2 Rotation about the z-axis of leg 2 49 ° 
α3 Rotation about the y-axis of leg 3 -89 ° 
β3 Rotation about the x-axis of leg 3 88 ° 
γ3 Rotation about the z-axis of leg 3 38 ° 
Table E.1. List of values used for a large scale model of the 6-DOF sensor. 
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The locations of the spherical joints in the local reference frame are given by 
equation 5-11, therefore the individual spherical locations in the universal joint frame 



























  (E-1) 
Substituting the values of Table E.1 for m = 1, 2, 3 into E-1 gives 




















































⇒  kjiE ˆ037.0ˆ142.0ˆ096.01 +−−=
r
 (m)  (E-2) 




















































⇒   kjiE ˆ018.0ˆ15.0ˆ1.02 ++−=
r
 (m)  (E-3) 
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⇒   kjiE ˆ003.0ˆ005.0ˆ148.01 ++=
r
 (m)  (E-4) 
 
The locations of the spherical joints in the global frame are given by equations 
5-20 to 5-22. Substituting the values of Table E.1 in these equations give 























































⇒  kjiP ˆ037.0ˆ142.0ˆ041.01 +−−=
r
 (m)  (E-5) 
 


















































































⇒  kjiP ˆ0181.0ˆ114.0ˆ108.02 +−−=
r
 (m)  (E-6) 
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⇒   kjiP ˆ147.0ˆ047.0ˆ012.03 +−−=
r
 (m)  (E-7) 
 
From equation 5-19 the normal vector to the plane is given by 
 
( ) ( )1312 PPPPn rrrrr −×−=  
 




.     (E-8) 
 
Substituting E-1 and E-2 into E-4 gives 
 



































⇒   kjia ˆ019.0ˆ028.0ˆ066.0 −+−=r  (m) 
and the vector b
r
is given by  
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⇒  kjib ˆ034.0ˆ036.0ˆ056.0 −−−=    (m)  (E-10) 
 

















⇒  kjin ˆ003958.0ˆ001206.0ˆ001668.0 −−−=r  (E-11) 
 















⇒ kjiL ˆ000127.0ˆ000295.0ˆ000088.01 ++=
r
  (m)   (E-12) 
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and the bisector line for vector b
r

















⇒ kjiL ˆ000007.0ˆ000277.0ˆ000184.02 ++−=
r
 (m) (E-13) 
 










 ⇒  kjiLM ˆ027.0ˆ128.0ˆ074.01 +−−=
r
   (m)  (E-14) 
  
and the midpoint of vector b
r










⇒  kjiLM ˆ02.0ˆ16.0ˆ069.02 +−−=
r
 (m)   (E-15) 












.   (E-17) 
 
Equating E-12 and E-13 for the x- and y-axes and simplifying gives 











































































⇒    2.56=k      (E-18) 
and 
    
1.56−=t
     (E-19) 
 







































































⇒    2.56=k  
and 
    
1.56−=t
 
Substituting the value of t into E-12 and solving for the components gives 
1.56000088.0074.0 −×+−=cxr  
⇒    08.0−=cxr  (m)    (E-20) 
 
1.56000295.0128.0 −×+−=cyr  
⇒    144.0−=cyr  (m)    (E-21) 
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1.56000679.0027.0 −×+=czr  
⇒    02.0=czr  (m)    (E-22) 
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%------------------- General Parameters ---------------------- 
 
lambda = 0.00066;   %wavelength of red light 
d = 0.00025;        %Fibre diameter 
Msquared = 73;      %Beam qaulity 
w0 = 0.21*(d/2);    %Initial beam waist 
R = 4700000;        %Resistor value 
Sk = 0.6;           %Relative Spectral Sensitivity 
 
v = 0.33;   %poisson’s ratio 
E = 5500000000;  %Young’s Modulus 
G = E/(2*(1+v));  %Shear Modulus 
 
%====================== Linear Displacement ================== 
%--------- Linear Displacement Physical Parameters ----------- 
 
L1 = 0.008; 
a1 = 0.004; 
b1 = 0.0007; 
h1 = 0.0002; 
 
Ixx1 = (b1.*(h1.^3))./12; 
Flin = -3:0.1:3; 
DeltaX1 = (Flin.*(a1.^3).*(L1 - 
a1).^2)./(3.*E.*Ixx1.*(((2.*a1)+L1).^2)); 
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%-------------- Light Intensity Model Parameters ------------- 
 
I0 = 600; 
zmax = 0.015; 
Kp = 7.4; 
 
z = 0.002 + DeltaX1; 
s1 = 1 + power(((z*lambda*Msquared)./((w0.^2)*pi)),0.5); 
wz = w0*sqrt(s1); 
subplot(2, 2, 1); plot(z, wz); 
 
r1 = d/2; 
w2 = I0.*((w0./wz).^2).*exp((-2.*(r1.^2))./(wz.^2)); 
 
Pz = (0.5*pi*I0.*(w0.^2))*(1-exp((-2.*(r1.^2))./(wz.^2))); 
 
Vr = R*Sk*Kp*Pz; 
subplot(2, 2, 2); plot(z, Vr); 




Figure F-1. Calibration model of the force component of the 2-DOF sensor. (a) 
The graph of the beam waist, wz as a function of propagation distance, z. (b) The 
graph of the detector voltage, VR as a function of propagation distance, z. (c) The 
graph of the detector voltage as a function of applied force. 
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F.2 Calibration Code for the 2-DOF Torque 
Sensor 
 
%================= Rotational Displacement ================== 
 
L2 = 0.00065; % 
b2 = 0.0005; % 
h2 = 0.0002; %strip thickness 
 
v = 0.33;  %poisson’s ratio 
E = 5500000000;  %Young’s Modulus 
G = E/(2*(1+v)); %Shear Modulus 
 
thetarad = 0:pi/360:pi/2; 





T = (-2.*J2.*G.*thetarad)./L2; 
%subplot(2, 2, 1); plot(thetarad, T); 
 
z2 = 0.005; 
s2 = 1 + power(((z2*lambda*Msquared)./((w0.^2)*pi)),0.5); 
wz2 = w0*sqrt(s2); 
Ppol = (0.21.*0.5.*pi.*I0.*(w0.^2).*((cos(thetarad)).^2)*(1-
exp((-2.*(r1.^2))./(wz2.^2)))); 
%subplot(2, 2, 2); plot(thetarad, Ppol); 
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Figure F-2. Graph of the simulated photodetector voltage as a function of input 
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